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Abstract 
 
Shorter product life-cycles, variable product demand, and unpredictable 
manufacturing system trends have forced manufacturing company to operate flexibly in 
order to adapt to changing requirements. Traditional manufacturing systems, such as job 
shops and flow lines, cannot handle such environments. Flexible reconfigurable 
manufacturing, which incorporates the flexibility and reconfigurability of job shops and 
the high production rate of flow lines, has been seen as a promising alternative for such 
cases. Although flexible reconfigurable provides significant benefits, the design of 
flexible reconfigurable manufacturing systems is complicated in solving real-life 
problems. Existing design methods employ the importance of human involvement with 
high experience, higher cost and longer time. This conventional method requires more 
human involvement and well-experienced personnel. Hence, it is timely require to 
provide a specification for the new manufacturing automation system configuration and 
conduct redrawing using Computer Aided Three-dimensional Interactive Application 
(CATIA) or other drawing software packages. The research on a modular framework for 
flexible reconfigurable manufacturing system is a crucial and important step towards this 
dilemma. There is a growing need for flexible manufacturing system to be reconfigured 
and re-used more efficiently in order to maximize return on investment. This research 
must aims to create a new method in developing a highly flexible manufacturing system 
which will be easily reconfigurable for upcoming production needs.  
 
The main idea of this research is to develop a framework and solution approach for 
configuring manufacturing automation systems that address the time, cost and 
experience issues. In the beginning, this research has implemented a series of intelligent 
algorithms for planning a sorting production line using a visualization capability project 
to engineers. The work investigates the data requirements for the support of analyzing 
early design data to provide reference for creating manufacturing scenarios that can be 
used to support investments in manufacturing facilities such as machines and peripherals 
equipment.  The outcome of this component has been inserted in the framework for 
advanced reference in manufacturing system. This research presents a framework 
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suitable for intelligently configuring automation system. This framework addresses the 
problem of planning specifically for sorting and assembly tasks. The specific problem 
addressed in this research is a sequence of different level of sorting and assembly 
instructions.  Selective information about the objects involved in the sorting and 
assembly instruction will determine the final sorting and assembly configuration based 
on which commands to a system that would realize the generated configuration.  
 
In general, this research examines the modelling requirements of line production, system 
actions (SA) models, associated automation system components (SC) and other 
manufacturing facilities. In this study, an automated configuration platform has been 
developed using Visual Basic (VB) for the graphical user interface (GUI) and the 
programming parts. In addition to that CATIA software has been utilized to create a 
library of components provides the system configuration.  
 
The outcome of the works proved that the developed framework can lessen the time, 
reduce the cost and eliminate the need for experience personnel while conducting 
manufacturing automation system configuration. This project has successfully developed 
a novel method of reconfiguring automation manufacturing facilities prior to investment.  
This research hopes the industry will benefit from the outcome of this research by 
having the ability to optimize the system and to minimize the risk of investment. 
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Chapter 1 : General Introduction 
 
1.1 Research Background 
 
Today’s changing market climate has broadened up the horizon of competition for many 
companies.  Companies will need to provide quality and reliable product within the 
international competition needs. On the other hand, the competition has opened up and 
provide an endless challenge to the researcher to provide a better solution. Few 
researchers including Farid (2008), Lastraa and Colombob (2006), Hon and Xu (2007) 
agreed that the current global trends which significantly affect work system are due to 
shorter product life cycles and mass customization. Wang et al. (2005a) added that the 
trends are also due to the aggressive and rapid changes in process technology and global 
scale advancement. Nevertheless, in appose to this aggressiveness, they proposed that 
the manufacturing system must be rapidly designed accordingly, as well.  In another 
related research, Rahimifard and Weston (2009) stated that many manufacturing 
paradigms have recently emerged to meet this challenge. They are in the form of 
manufacturing philosophies, their enabling strategies and required solution technologies. 
 
A report from an industry consultant PricewaterhouseCoopers (2009) shows that United 
Kingdom and several other European countries together form the leading global region 
for the engineering of customized precision automated manufacturing systems.  End-
users have a growing global need for reconfigurable automation systems across virtually 
all manufacturing sectors. Globalization and the growth of emerging markets have led to 
a distribution of production sites which utilize such automated machines around the 
world, hence the strategic value of being able to support better the design, deployment 
and reconfiguration of such systems. A large sector of manufacturing in developed 
countries such as Australia can significantly benefit from the improved methods and 
tools. This is undoubtedly good for the development of reconfigurable production 
machinery.  
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Naturally, the needs for reconfigurable manufacturing system is supported by the 
product life cycle itself. According to Raw (2000), the product life cycle begins with the 
development of a product and ends in its replacement by something better. Some high-
quality products may have life cycles lasting one or two decades.  A typical product life 
cycle consisted of THREE (3) stages is shown in Figure 1.1. 
 
 
 
Figure 1.1: Product Life Cycles (Raw, 2000) 
 
There are many changes required in the product life cycle. The first stage is the initial 
development growth. At this stage, efforts are usually made to improve quality and 
reliability, causing frequent changes in production processes, and product production 
relies heavily on scientific and engineering skills. The second stage is the maturity stage. 
At this stage, the product has been perfected. Sales usually grow rapidly and are directed 
towards lowering costs. The dispersal of production to peripheral branch plants begins. 
The final stage involves standardization. The importance of skilled labour and technical 
inputs diminishes. Costs are lowered by mass production and the replacement of skilled 
by semi-skilled labour. The locational preference for peripheral regions, where labour 
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costs are low, is typical at this stage. Once this stage is achieved, a new variation of the 
product is usually required due to global needs. 
 
Product variations are required in order to meet customer needs.  Figure 1.2 shows a 
study on the demand of product variations over a number of years conducted by 
McAdam and Bannister (2001).   
 
 
Figure 1.2: Demand of Product Variation (McAdam and Bannister, 2001) 
 
Most products have a base that accessories are attached to form the final product.  
Variations are normally built on the same base so that new development costs can be 
minimized.  Theoretically, these variations will only affect the manufacturing processes 
of the add-on accessories.  However, it is common that small variations of the 
attachment may require a change of jigs and fixtures or manufacturing sequences.  
Therefore, more engineering work is required due to changes in product life cycle. 
 
The goal of manufacturing is to produce at the lowest cost possible.  The principle 
method is by economy of scale.  Variations work against this principle.  Depending on 
Product Types Manufactured 
Year 
V
a
ri
a
n
ts
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the volume of production, selection of the appropriate manufacturing strategy is crucial 
in achieving the desirable balance of system flexibility versus cost of production.  Figure 
1.3 shows different manufacturing strategies are used in different production volume 
scenarios by Lindberg (2006).  
 
 
Figure 1.3: Trend of Manufacturing Strategies (Lindberg, 2006) 
 
The current market scenario is such that the customer has a requirement to demand a 
wide variety of good quality product at a very short notice. The traditional systems of 
product manufacture like were unable to cope up with the market requirements. For 
example, a transfer line system of manufacture had a very high production level but 
offered limited flexibility. On the other hand, a workshop system of product manufacture 
offered a very high degree of flexibility but had a very low production level. These 
systems were unable to satisfy the requirements of variety, quantity and speed at the 
same time. This lead to the work of development of a system, which combines the 
seemingly conflicting objectives of high flexibility and high productivity. The 
emergence of flexible manufacturing system (FMS) technology, has proved to be an 
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ideal solution to this problem. With the help of FMS, a wide variety of products can be 
produced without making any changes in the hardware set-up. As a result of this, the 
changeover time between two products can be reduced to the time required by the 
machine tools to receive the necessary instructions. It also reduces the lead-time 
drastically. This is of prime importance as lead-time is equated with the cost of the 
product. It is a market-sensitive technology as it can produce the required proportion of 
product variety quickly and efficiently. 
 
In order to sustain competitiveness in dynamic markets, new designs of manufacturing 
systems are required. However, the process of manufacture and development of new 
product has become more challenging yet complicated (Berthelot et al., 2008). While 
there are many changes and variations in customer requirements, high flexibility of the 
system to produce a variety of products on a similar system is also required at the same 
time. In an earlier study, Marsh et al. (1997) stated that the configuration and 
reconfiguration issues rose due to the effect of the life cycles of manufacturing cells. 
They elaborated that the reconfiguration of the cells is required to improve the life cycle 
of the manufacturing cells. The process includes the initial system design and synthesis, 
modeling, analysis and simulation, realization and implementation, operation, and 
redesign/reconfiguration phases. The importance of reconfiguration was initially 
discussed by Warman (1985), who later categorize few main aspects to configurations.  
Understandably, the configuration and reconfiguration of manufacturing automation 
system is not an easy process. Kuzgunkaya et al. (2006) believed that this situation occur 
due to the structural and operational complexity of the system.  Later, ElMaraghy (2006) 
supported and provided a conceptual of manufacturing systems life cycles which is 
shown in Figure 1.4.  
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Figure 1.4: Manufacturing Systems Life Cycles (ElMaraghy, 2006) 
 
Figure 1.4 shows the most common reconfiguration practice which is through traditional 
system reconfiguration. The current system is reconfigured by the system 
engineer/designer accordingly through evaluation and redevelopment to suit with the 
manufacturing process of the product. However, the following problems usually occur: 
 
1. Opinion driven 
2. Prone to error 
3. Costly 
4. Slow 
 
In order to complete the process of configuration and reconfiguration, heaps of technical 
discussions and meetings on system design need to be conducted. This entire process of 
reconfiguration of the system requires large numbers of system designers and engineers 
especially those with experience in order to propose a new configuration (Renaud et al., 
2004). This is very opinion driven and dependent on the ability of the designers and 
engineers.  The product design outcome sometimes inconsistently leads to an error in 
decision making (Wang et al., 2005b).  On top of that, the process requires the specialist 
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that is also very costly and time consuming. This process indeed gives a huge burden to 
the company to set up their system in many ways. This scenario needs to be improved 
for the manufacturing industry to coop for the future challenge.  
 
1.2 Problem Statement 
 
The quick assessment in the previous section on the current and continuous 
manufacturing system research shows the difficulties of coping with a dynamic 
environment and market needs, uncertainty, operational limitation, etc. Since the use of 
fixed configuration, mass production manufacturing system is increasingly seen as being 
a relatively high-risk option due to the constant threat of obsolescence.  Two main 
aspects need to be concentrated.   
 
The first is dealt with flexibility of the manufacturing system.  Many researches in 
flexible manufacturing have focused on the use of robots.  In fact, there has been a 
growing interest in the field of robotics over the last couple of decades. As the 
capabilities of the basic underlying mechanisms increase, efforts have intensified to 
endow such mechanisms with the ability to exhibit intelligent behavior. The notion of 
building reconfigurable and flexible manufacturing systems that can reason about the 
tasks they are required to execute while operating in incompletely specified and 
uncertain environments continues to be an enticing, yet elusive, goal.  
 
Mo & Tang (1998) developed a method for configuration robotic devices by standard 
communication protocols among manufacturing machines.  Interaction of human, robot 
and others peripherals equipment will be considered in determining the flexible 
manufacturing system. Human robot interaction (HRI) becomes an important role in 
manufacturing research and especially human’s roles in HRI is increasing (Galindo et 
al., 2006). In few researches, robot task planning framework was made for HRI in home 
service environment (Scholtz, 2003). The structure of the task network called joint script 
was suggested which enables HRI enables and its planning process based on three 
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procedures; search, selection and adaptation in a deliberative layer.  However, this 
concept is limited to configuring robotic manipulators, which are highly sophisticated, 
high-cost equipment.  Moreover, robots still require substantial human preparation such 
as system modelling and programming.  For general manufacturing, it is difficult to 
accomplish the same level of flexibility that robot systems can offer. 
 
The second aspect is driven by the current manufacturing concepts of reconfigurability. 
Figure 1.5 illustrates the relationships between customer demanded variations, 
manufacturing system configuration requirements and the products.  Each customer’s 
demand initiates the production requirement of a specific system configuration due to 
variations in product features.  The production requirements are transformed into a 
special system in the “system design and development” stage, which requires both high 
experience and a lot of human involvement. 
 
 
Figure 1.5: Customer Demand Affecting Configuration of Manufacturing Systems to Produce 
Specific Product Variations 
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The current situation requires specific system for specific customer requirements. This 
will consume lots of time, energy as well as an increase cost for production of new 
customer needs. The use of fixed configuration, mass production automation system is 
increasingly seen as being a relatively high-risk option because of the constant threat of 
obsolescence (Harrison et al., 2006).  Without proper planning for the new 
configuration, the duplication of already available components may occur. This will add 
extra cost to the development of a new system. On top of that the operational cost will 
also be affected (Karmarkar and Kekre, 1987). The new configured system must be 
devised, executed and controlled by well-trained and efficient personnel.  This may 
sometimes create havoc if the personnel are not always available.   
 
In addition, in configuring manufacturing automation system, time taken to design the 
layout is very consuming.  This is due to the identification and selection process of 
suitable components for a manufacturing system (Chao and Chen, 2001).  It is common 
in the industry to buy a new component or subsystem for a newly develop manufacturing 
system.  This will undoubtedly incur a new cost, but there is no guarantee that the “new” 
system will meet the manufacturing requirement for satisfying the customer’s demand.   
 
Hence, the fact that the manufacturing industry is now more dynamic and heavily driven 
by market (customer) needs exposes the problems of current manufacturing systems.  
Current systems are not capable of catering for frequent production changes due to 
fluctuating and changing market demand.  The configuration of a new manufacturing 
system usually requires longer time, higher cost and well experience personnel.  The 
challenges to be solved in modern manufacturing systems are: 
 
1. The rate of change of sophistication and breadth of technologies used in industry 
is increasing at a phenomenal rate.  
2. Automation systems design activity relies on the engineer’s intuitive ability in 
system's concept as well as his/her knowledge to make use of available resources.  
3. Due to changes or variation in customer requirements developing a new flexible 
system with new components is very costly.  
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4. Creation for a new system needs to be developed quickly to sustain 
competitiveness in dynamic markets  
 
 
Due to these challenges, it is essential to create a new configuration framework for 
configuring a new manufacturing system. Easily understandable methodology for 
configuration and reconfiguration is required to assist in improving manufacturer’s 
capability without compromising cost, time and other demands. Introducing the most 
suitable method allows the manufacturer to reconfigure with less time and investment is 
an immense step towards competitive manufacturing. Therefore, a specific method needs 
to be developed in order to overcome this challenge.  
 
1.3 Research Objectives 
 
The capability to quickly reconfigure manufacturing systems to suit new product 
variation manufacturing requirements, a new configuration framework is targeted to 
lessen the time, ease the cost and eliminate the need for experience personnel during 
manufacturing configuration.   
 
Previous researches have done on the hierarchical object model in which objects are 
viewed as collections of features, and features, in turn, are viewed as collections of 
surfaces (Mo & Ranganathan, 1996).  In their research, object model coupled with the 
hierarchical decomposition approach to solve the machine control problem, where the 
problem is refined in increasing levels of detail, first in terms of features that will be 
related by the machine process, and further, in terms of the spatial relationships.  
Likewise, Jiang and Yan (2003) analyzed product families to design the assembly 
system accordingly.  These early researches have highlighted the need to continue along 
this direction of research with the purpose of finding more generic knowledge that could 
be used to speed up the process of deriving solutions to the problem.   
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This research work aims to develop a reconfigurable, flexible manufacturing framework 
for easily configuration of an automation system based on user requirements.  The main 
objectives of this research are as follows: 
 
1. To investigate the current principles of manually configured manufacturing 
automation system  
2. To create a new manufacturing automation system configuration model 
3. To implement a proof of concept configuration system based on the new 
manufacturing automation system configuration model 
4. To explore the applicability of the manufacturing automation configuration 
system in real product manufacturing 
 
In this research, a modular framework for reconfigurable, flexible manufacturing system 
will be adopted to design and model the product and manufacturing information.  The 
goal is to understand the current and future manufacturing requirements and to make 
changes with minimal or no investment to the automation line. This will enable 
maximum usability of available system for the future manufacturing and fasten the 
production, as opposed to the conventional method of reconfiguring the manufacturing 
system involving system designers and engineers. 
 
It is essential that the proposed system is made based on a modular concept. Modularity 
is the degree to which a system's components may be separated and recombined. The 
proposed system will provide a decomposition of system into relatively small units 
(modules) to reduce complexity. This makes modular designed systems, if built 
correctly, far more reusable than a traditional design, since all (or many) of these 
modules may then be reused (without change) in other projects. A modular system is 
also easy to manage before its implementation. Besides reduction in cost (due to lesser 
customization, and less learning time), and flexibility in design, modularity offers other 
benefits such as augmentation (adding new solution by merely plugging in a new 
module), and exclusion. Modular design is an attempt to combine the advantages of 
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standardization (high volume normally equals low manufacturing costs) with those of 
customization. 
 
1.4 Contribution of this thesis 
 
The main contribution of this research is to enable a systematic and automated 
transformation of reconfigurable flexible manufacturing concepts into real systems using 
system modelling theories developed in this research. The novel method of planning 
manufacturing facilities prior to investment has been proposed and validated by several 
industrial cases. The modelling concept utilizes three fundamental constructs: Process 
type (P), item count (I) and condition (C) to simplify the bulk of engineering information 
that engineers need to manage and interpret during line development stage so that a 
logical manufacturing configuration can be derived easily.  The research also contributes 
to industry by providing the ability to optimise the system before committing real costs 
and hence minimising the risk of investment. Once the executable framework for 
reconfigurable flexible manufacturing system has been designed and modelled, it is then 
possible to change the current system configuration or recommend a new configuration 
meeting future manufacturing requirements. The research contribution will enable 
maximum usability of available system for the future manufacturing and speedup 
production as opposed to the conventional method of reconfiguring the manufacturing 
system as a whole. 
 
1.5 Thesis Outline 
 
This thesis is divided into NINE (9) chapters, including this introductory chapter.  A 
brief description of the each chapter is presented here. 
 
Chapter 2 presents relevant literatures with a focus on Manufacturing system design, 
Reconfigurations methods and design of manufacturing system. 
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Chapter 3 presents the details of the preliminary work including study of the 
configuration process. 
 
Chapter 4 presents the conceptualization of reconfiguration base on the preliminary 
study. The focus process is on sorting. 
 
Chapter 5 presents the basic framework of creating the generic reconfiguration model 
including assembly and painting process. 
 
Chapter 6 presents the stages of system design reconfiguration details for development 
of the model. 
 
Chapter 7 presents the development work for automating reconfiguration and 
configuration system using Visual Basic and CATIA. 
 
Chapter 8 presents the implementation of the configuration model. 
 
Chapter 9 presents conclusions deduced from this research. This chapter also presents 
suggestions for future work in this area utilizing the findings obtained from this work. 
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Chapter 2 : Literature Review 
 
2.1 Introduction 
 
The study on manufacturing system configuration involves many disciplinary areas such 
as theories and methods of automation. The literature review in this chapter presents an 
overview of the configuration and reconfiguration ideas for manufacturing automation 
system. They include the type of manufacturing facility available, analysis on user 
requirements and system specification, configuration phases, system evaluation and 
software for developing a flexible and reconfigurable configuration framework. The 
purpose of reviewing these topics is to provide a theoretical base for the remainder of 
this thesis. 
 
2.2 Manufacturing System Facility Design 
 
Kwok (1992) stated that in ancient time manufacturing system design was simply 
included the problems of factory layout, inventory, material handling and other functions 
necessary for the production of products or provision of services. Nowadays; this 
concept expands to include many other important attributes such as choosing the 
appropriate manufacturing system to be employed, functional strategies, business 
strategy and other issues which have to be integrated in order to minimize risks and 
maximizing success opportunities for the manufacturing system facility. A design of 
manufacturing system facility refers to the overall design of a production layout facility. 
It moves through several stages before it is completed. The stages involved are:  
 
1. Identification and selection of the product to be manufactured. 
2. Feasibility analysis and appraisal. 
3. Design. 
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4. Economic evaluation. 
5. Design report preparation. 
6. Procurement of materials including plant and machinery construction. 
7. Installation and commissioning. 
 
According to Vaughn et al. (2002), any manufacturing system design consists of two 
main levels, the infrastructure design level and the structural design level. Each level 
contains different aspects of managing overlaps. The interaction between both level 
leads to an integrated manufacturing system design which aims to achieve the targeted 
efficiency and effectiveness in the industry. The manufacturing systems design levels are 
shown in Figure 2.1. 
 
 
Infrastructure 
Design 
Structure 
Design 
Integrated 
Manufacturing 
Design 
 
 
Figure 2.1: Manufacturing System Design Levels 
 
Manufacturing system facility planning is concerned with the layout, design, and 
accommodation of people, machines and activities of the system within a physical 
spatial environment. Khusna et al. (2010) stated that manufacturing system facility 
planning is very important in the manufacturing process due to their effect in achieving 
an efficient product flow. Proper analysis of facility layout design could improve the 
performance of the production line such as minimize material handling costs, decrease 
bottleneck rate, raise the efficiency and utilization of labor, reduces idle time, equipment 
and space.  
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Layout of manufacturing system facility design influenced by process design because it 
is the physical manifestation of a process type, most practical layouts are derived from 
only four basic layout types. These are: 
 
1. Fixed-position manufacturing system facility layout 
2. Functional manufacturing system facility layout 
3. Cell manufacturing system facility layout 
4. Product manufacturing system facility layout 
 
2.2.1 Fixed-position Manufacturing System Facility Layout 
 
In a fixed position manufacturing system facility layout as stated by Stevenson at al. 
(2005), the main produced product is set at a specific location. The resources in this 
layout, such as labor, equipment and materials are brought to a permanent location. This 
type of layout is useful when the product being processed is very large, difficult or heavy 
to move. Some examples of fixed position manufacturing system facility layout are in 
shipbuilding, aircraft assembly, farming, road building and home building, etc. 
 
Design of manufacturing system facility activities contain process design, supply 
network design, product or services design, layout and flow design, process technology 
choosing, and job design and work organization, each activity related to other activities 
on away on another way to make that integration which increase the value added and 
give the best design for the targeted manufacturing system (Slack et al., 2007). 
 
2.2.2 Functional Manufacturing System Facility Layout 
 
Functional manufacturing system facility layout is also called as process layout. 
Tompkins (2010) said similar machines or similar operations locate at one place as per 
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the functions. For example, grinding and packaging operations kept separately. All 
milling operations carried out in one place while all lathes are kept separate.  Functional 
layout is a useful facility for the production of manufacturing jobs, and the environment 
is non-repetitive. In this type of layout, different products or customers will have 
different needs and therefore take different routes. Usually, this makes the flow pattern 
in the operation very complex. 
 
2.2.3 Cell Manufacturing System Facility Layout 
 
Cellular manufacturing system facility is a kind of layout in which machines are grouped 
according to a set of process requirements similar items (family part) that require similar 
processing. These groups are called cells. Nazariana et al. (2010) said, the cellular layout 
is the layout of appliances configured for support cellular manufacturing. Processes 
compiled into cells using a technique called group technology (GT). Group technology 
involves identifying parts with features similar design (shape, size, and function) and 
characteristics of a similar process (type of processing is required), machine available 
that do this kind of process, and processing sequence. 
 
Workers in cellular manufacturing system facility layouts are cross-trained so that they 
can handle all the appliances in the cell and take responsibility for the output. Sometimes 
the cells feed into an assembly line that produces the final product. In some cases cell 
formed by dedicating certain appliances for production of the family without moving 
physical appliances into cells (this is called virtual cells or nominal). By doing this, firms 
avoiding burdening of rearranging the current layout.  
 
An automated version of a cellular manufacturing system facility is called flexible 
manufacturing system (FMS). In FMS, the computer is used to control the transfers in a 
variety of processes. This will enable the manufacturers to achieve some of the benefits 
of using product layout while maintaining the flexibility of production in small batches 
(Yeh and Chu, 1991). 
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2.2.4 Product Manufacturing System Facility Layout 
 
Product manufacturing system facility layouts available in stores flow (repeated 
assembly and process or continuous flow industrial). Flow shops produce highly 
standardized products that require highly standardized, high-volume, repetitive 
processes. In a product manufacturing system facility layout, resources are arranged 
sequentially, based on the routing of the products.  According to Clark (1991), this 
sequential layout allows the entire process to be presented in a straight line, which at 
times can be truly dedicated to the production of a single product or product version. 
Flow lines can then be divided so that labor and equipment are used well throughout the 
operation. 
 
Dweekat (2011) said two kinds of lines that are used in product manufacturing system 
facility layouts, paced line and un-paced line. In paced line, conveyor moves along at a 
constant rate while the workers perform the operations on the product as it passes. In this 
case, the workers may sometimes have to walk beside the conveyor as it moves. Once 
finished, the workers have to run back to the base workstation to start working on the 
other side. This situation oftenly occur in the car manufacturing plant. 
 
On a un-paced line, workers have to built a line between workstations to allow the rate to 
chang according to work pace. However, this kind of line does not work well with large, 
bulky products because too much storage space may be required.  Moreover, it is hard to 
compensate for extreme range of the output rate without notable idle time. The assembly 
line can be used as a group of individuals which commit to the task as a workstations. 
This approach is a reasonable balance of work between the workstations (Bidanda et al., 
2005). 
 
The efficiency of product manufacturing system facility layout can be frequently 
enhanced through the use of line balancing. Bartholdi (1993) stated that on the line 
balancing tasks to workstations in any way that the stations have requirements roughly 
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equal time. This reduces the amount of time that a number of idle workstations, due to 
waiting for parts from upstream processes or to prevent built the inventory in front of the 
line downstream processes. 
 
Many situations call for a mixture of more than one layout type. This mixture is usually 
called a combination or hybrid layouts. For example, a firm can use the layout process 
for the majority of the process along with an assembly in an area. In addition, the firm 
can use the fixed position manufacturing facility layout system for final product 
assembly. On top of that, using an assembly line to produce components and 
subassemblies that make up the final product (e.g. airplane) (Wheelwright, 1992). 
 
2.2.5 Other Manufacturing System Facility Layouts 
 
In addition to the above mentioned manufacturing system facility layouts, there are 
others also suitable for use in a service organization. These include:  
 
1. Warehouse/storage manufacturing system facility layouts. 
2. Retail manufacturing system facility layouts. 
3. Office manufacturing system facility layouts. 
 
With warehouse/storage manufacturing system facility layouts, order frequency is a key 
factor of consideration. According to Evans (2007), frequently ordered goods should be 
placed close together near the entrance of the facility, while the less frequently ordered 
goods often remain at rear of the facility.  Pareto analysis is an excellent method to 
determine which items to put near the entrance.  Since 20% of goods typically represent 
80 percent of the goods ordered, it is not hard to determine where to place 20 per cent in 
the location most convenient. In this way, citing the order is made more efficient. 
 
While manufacturing system facility layout design is easier for small retail 
establishments (shoe repair, dry cleaners, etc.), unlike manufacturers, retail stores must 
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take into consideration the presence of customers and the accompanying chance to 
influence sales and customer attitudes. For example, supermarket puts dairy products 
near the back of the store so that customers run to the store for a gallon of milk must 
travel through other parts of the store. This increase the chances of customers see items 
of interest and make impulse buying. Moreover, expensive items like meat often placed 
so that the customer will see them often (e.g., pass them at the end of every lane). Retail 
chains can take advantage of the standard manufacturing facility layout system, which 
provide customers greater familiarity with the store when shopping at the new location 
(Chen et al., 2004). 
 
Office layout system facility must be configured so that the physical transfer of 
information (paperwork) is optimized. Communication can also be enhanced through the 
use of low-rise partitions and glass walls (Margaritis and Marmaras, 2007). 
 
2.3 Types of Automated Manufacturing Systems 
 
There are many types of manufacturing systems that are designed for different 
manufacturing requirements.  The decision for adopting certain type of manufacturing 
systems depends on the demand of the product. The correct decision will give impact 
towards the final outcomes of the production that need to satisfy customer needs as well 
as decrease the investment cost. Therefore, suitable types of automated manufacturing 
system must be clearly understood to ensure the correct choice is to be made.  
 
2.3.1 Dedicated Manufacturing Lines 
 
Today’s changing market climate has demanded companies to manufacture quality 
products with minimal investment (Xing et al., 2006). The development of new products 
meeting customer requirements has become more time critical than ever before (Bolanis 
and Mo, 1995). In order to timely fulfill the requirements, companies have to adjust their 
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manufacturing strategies quickly and accordingly. One of the most important strategies 
is continuous improvement and upgrading on their facilities. The upgrade is usually 
through development of new manufacturing system or insertion of additional 
technologies to current facilities. In the earlier manufacturing era, dedicated 
manufacturing lines (DML) represented a key paradigm in manufacturing industry. 
DML produced large quantities for a single part type and very profitable when demand 
for this part is high (Renna, 2010).  DML are cost effective as long as they can operate at 
full capacity.  However, market pressure from global competition and over-capacity 
worldwide is increasing.  In order to maintain the varieties of products, many DML are 
required (Gupta and Buzacott, 1989).  This increases the overall factory cost 
significantly.   
 
However, DML also has its disadvantages. According to Delorme et al. (2009) DML 
demand large investment and must have a log lifetime to be profitable. DML also very 
difficult to modify and it will incur a high cost to reconfigure the line if required. On top 
of that, breakdowns issue is also a crucial problem. This is due to each station within the 
line is interrelated where the whole line need to be stopped if one of the station 
breakdown. To overcome these issues, flexible manufacturing systems (FMS) has been 
introduced.  
 
2.3.2 Flexible Manufacturing System 
 
The concept of FMS enables companies to pre-define a number of manufacturing 
processes within the machine capability. FMS allows companies to easily and quickly 
activate on demand a number of product models in one single system configuration 
thereby improving their competitiveness and profitability through a highly efficient 
system design (Liu, 2008). Companies can produce several types of product on the same 
system effectively. However, the adaptability of FMS is limited by constraints and 
synchronization issues when an unforeseen production requirement emerges (Spano Sr 
et al., 1993).  FMS are not designed for structural changes and therefore cannot respond 
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to abrupt market fluctuations, such as varying user requirements and major equipment 
failures (Harrison et al., 2006). Similarly, a study by Koren and Shpitalni, (2010) 
showed that there is a growing need for flexible manufacturing system to be 
reconfigured and re-used more efficiently in order to maximize return on investment. 
This will involve other costs making the system not sustainable.  The alternative option 
to overcome this issue is reconfigurable manufacturing system. 
 
2.3.3 Reconfigurable Manufacturing System 
 
As a result of the high cost of reconfiguring FMS, Reconfigurable Manufacturing 
System (RMS) concept has been introduced to tackle the issues in FMS.  RMS combines 
DML with FMS (Koren, 2006). Earlier, in defining RMS, Koren et al. (1999) 
differentiate RMS with DML and FMS through its adaptability of the adjustable system 
structure to new products as well as scalability in response to variable demands. The 
adjustment of the structure may occur either in system level or machine level or both 
levels. RMS is a manufacturing system paradigm that is more cost effective while rapid 
changes of requirements as needed and when needed (Abdi, 2005). It reduces the system 
cost through the design of a manufacturing system around the part family, with the 
customized flexibility required for producing all parts of the part family.  Thus, it has the 
capacity of producing a wide range of parts, at different production levels and in 
conditions of high economic efficiency. RMS has been proposed as an effective 
approach to achieve capability and adaptability of manufacturing system to changing 
products and to increase the speed of responsiveness to markets and customers’ 
requirements (Mehrabi et al., 2000). Later, Mehrabi et al. (2002) examined the potential 
roles and enabling technologies associated with RMS. The survey was conducted on 
respondents who utilize FMS in their manufacturing facilities. FMS proved to be not 
capable of adapting with new system changes. According to Bruccoleri et al. (2006), 
RMS offers fast adjustment of production capacity and functionality in response to 
unpredictable market changes. Subsequently, many researchers have taken the effort to 
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provide various methodologies for reconfiguration of manufacturing systems through the 
concept of RMS. 
 
Although RMS is found to be acceptable in the current situation, Landers et al. (2006) 
indicates that this concept is still costly due to the need for human involvements. 
Therefore, a new strategy is required to simplify this steps. 
 
2.4 Reconfiguration Methodologies 
 
Ever since RMS has taken into the DML and FMS, there are various methods introduced 
in order to reconfigure a manufacturing system. The methods are used to provide low 
cost strategies for the manufacturer to adapt with the current market situation. 
 
2.4.1 Manual Reconfiguration 
 
In order to act quickly with the market changes, transforming the user requirement into 
the real system is a must.  Billo (1998) described a general design methodology for 
configuration of manufacturing cells. The approach included steps for analysis and 
design of manufacturing cells after initial machine-component groupings process has 
been formed. However, the extraction of user requirements and component selections 
has to be conducted manually. More recently, Saad (2003) highlighted a few 
reconfiguration issues in RMS and led to the introduction of a new integrated approach 
for the reconfiguration of cellular manufacturing systems. The new approach consisted 
of sub-modules, namely: configuration and reconfiguration module, loading module, and 
simulation based scheduling module.  Klampfl et al. (2005) introduced mixed-model 
assembly lines to enable manufacturers to build different products using the same 
equipment and facility. This concept allowed a more rapid response to changes in 
customer requirements. However, no specific method was discussed to extract the 
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requirements but the idea for the development of a descriptor framework has been 
initiated.  
 
Another research by Heisel and Meitzner (2005) showed how to design and build of 
mobile reconfigurable manufacturing units for drilling and milling operations. This 
research illustrated some basic ideas to develop simple system configuration. The work 
focused on the design and properties of the system, with resulting exemplary 
manufacturing tests but did not provide a method to capture the requirements. Ferscha et 
al. (2008) introduced a combination of hardware and software as a computing platform 
that is technology-rich, autonomous, self-induced and consists of context aware peers 
that operate as spontaneously interacting ensembles.   
 
The above literature review showed that the reconfiguration methods currently used in 
RMS still require a lot of data transformation from requirements to system design 
specification. This involves manual activity during the reconfiguration stages. The 
inability to automate this part of the system reconfiguration process limits the speed of 
response to market changes. 
 
2.4.2 Reconfiguration by Artificial Intelligence 
 
In order to eliminate manual steps in reconfiguration, Artificial intelligence (AI) was 
introduced. Ghani et al. (2002) discussed the AI work to implement AI in 
reconfiguration but no specific effort in term of extracting the requirements. In a later 
work, Ghariani et al. (2004) proposed an approach based on artificial intelligence 
planning (AIP) for designing a tool capable of providing decision about reconfiguration 
procedures specifically to react to faults. The method is unique in that this research work 
automated the reconfiguration procedure for designing and configuring automatic 
production systems. However, the capturing of requirement is still done manually. Later, 
an A* genetic algorithm has been proposed by Tang et al. (2006). The algorithm 
searched for the reconfiguration plan and reconfigured system that best satisfied the new 
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performance goals. It also provided a solution on how to economically and efficiently 
reconfigure a manufacturing system and the reconfigurable hardware within it so that the 
system could meet new requirements. However, the requirements need to be translated 
manually form the requirements. In order to obtain reconfiguration plans for assembly 
system, Bryan et al. (2008) proposed an assembly system reconfiguration planning 
(ASRP) as a method to obtain reconfiguration plans for assembly systems. They have 
developed a genetic algorithm for solving the ASRP problem.  
 
The literature confirmed that the effort has been taken to implement AI after the 
specification is developed. However, this concept has not been used to tackle of the 
implicit aspects of user expectation during user requirement capturing phase of system 
reconfiguration. Hence, the use of AI has not significantly improved the system 
reconfiguration project lead time. The configuration process does not only depend on the 
system specifications but also depend on the initial requirements from the user. Heaps of 
methods have been applied to automate the configuration process, and AI has been 
proven to provide a good solution. Performing an AI task has to go through a learning 
phase, these can sometimes slow things down or can cause problems. 
 
2.4.3 Reconfigurable Assembly System by Design 
 
A comprehensive equipment ontology for effective decision-making during design and 
evaluation of Reconfigurable Assembly System (RAS) has been proposed by Lohse et 
al. (2005) to provide with system specification. They focused on the development of 
suitable equipment model to support the design of reconfigurable assembly systems from 
requirements.  By introducing this method, the system specification can be handled 
easily and provide faster reconfiguration process. However, no specific methods or 
framework were discussed, and the decision-making process was largely dependent on 
the experience of the system engineer. Ratchev et al. (2007) provided a better approach 
to match the requirements with existing supplier knowledge. The approach assisted 
decision making in assembly system design and provided a better understanding to 
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extraction of requirements from understood knowledge. However, this method requires a 
significant amount of interaction between the users and supplier in order to design the 
system. This process requires continuous manual discussion and time-consuming. 
Another effort has been taken by Alsafi and Vyatkin (2010) by using an ontology-based 
reconfiguration agent. Their research provided an in depth understanding on the 
ontology approach and highlighted the importance of externalising user concept and 
expectation. This method required high involvement of system design engineer to 
capture the requirements. 
 
2.4.4 Reconfiguration Design by Petri Net 
 
One of the common engineering methods to design the reconfiguration of manufacturing 
systems is Petri Nets. Petri nets have been applied as a modeling tool for discrete event 
dynamic systems since it was introduced by Carl Adam Petri in 1962 (Murata, 1989). 
However, Petri nets suffer from state-space explosion when complexity of the system 
grows. The intrinsic complexity of manufacturing systems forces the researchers to 
resolve this limitation. Among these extensions to broaden the use of Petri nets were 
through introduction of colored Petri nets (Yeung and Moore, 1997), decision Petri nets 
(Wadhwa and Browne, 1989), and object-oriented Petri nets (Wang, 1996). However, 
Petri nets tackle the system specification from manual extraction of requirements. Some 
works related to assembly system modeling using Petri nets have been published 
(D'Souza and Khator, 1993).  
 
Although the classical Petri net has advantages in describing the logical control, it is 
insufficient to cope with the external dynamic information and does not provide effort to 
reconfigure a system. Rosell (2004) has conducted a survey on the potential use of Petri 
Nets in assembly and task planning. The survey has provided with potential use of the 
method in reconfiguring manufacturing automation system. The survey does not provide 
any specific method to capture requirements or specifications for reconfiguration. 
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However, it does provide the possibility to utilize this method to capture requirements 
and transform into system specifications.  
 
2.4.5 Reconfiguration Design by Function Modelling 
 
Another method is known as integrated definition for function modelling (IDEF0). The 
IDEF0 technique provided by the National Institute of Standards and Technology, 
United States of America (Menzel & Mayer, 1998) is suitable for the configuration and 
reconfiguration process. The technique requires a modeling technique for the analysis, 
development, re-engineering, integration, or acquisition of information systems. 
Furthermore, the incorporation of a system into a business process analysis can also be 
done using this technique.  Doumeingts et al. (1987) studied the potential use of this 
methodology to help improve manufacturing automation system. However, the study 
only provides brief information regarding the use of the method.   
 
In order to overcome these issues, a combination of Petri Nets and IDEF0 has been used.  
Santarek and Buseif (1998) introduced the combination of Petri Nets and IDEF0 as a 
method and tools supporting design of automated manufacturing systems and their 
sequential controllers. They discovered the possibility to apply this combination in 
reconfiguration of a system.  Kim et al. (2001) provided transformation rules that map 
between IDEF0 and IDEF3 integration definitions and Petri net modelling constructs. 
These rules have enabled the development of an enterprise modelling methodology. The 
methodology supports the organized capture of functional models, expressed in IDEF0 
notation, and links them to the subsequent development of behaviour models expressed 
in IDEF0 notation.  
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2.4.6 Summary of Reconfigurable System Design 
 
From the reviews, AI, Ontology, Petri Nets and IDEF0 have been widely used to 
reconfigure the system once the system specifications are available. However, these 
methods are useful if the system requirements are well defined in the appropriate format.  
There is little effort in literature that tackles the capturing of the requirements to prepare 
for input to these methods. This is essential because the system specification is scenario 
dependent in which the requirements will provide more precise information towards 
reconfiguration. Hence, without properly capture the requirements, the system may not 
have been designed correctly. Capturing the user requirements is an essential step to 
enable the configuration and reconfiguration system to work.  
 
2.5 Design of Manufacturing System 
 
In recent years, a key concept to remain competitive is the utilization of reconfigurable 
manufacturing systems that is quickly adaptable to a wide variety of manufacturing 
requirements (ElMaraghy et al., 2009).  Similarly, Rychtyckyj et al. (2007) showed that 
changes in customer demand could be met by mixed-model assembly lines that enabled 
manufacturers to build different products using the same equipment and facility.  These 
researches show the importance for manufacturers to have manufacturing engineers with 
the ability of designing and developing new manufacturing systems from a wide variety 
of configuration possibilities. 
 
2.5.1 Manufacturing System Model 
 
Currently, the capturing process is conducted manually in which a group of system 
design engineer organized many discussions and meetings to understand the user 
requirements and specifications.  This is one of the primary work objectives for 
      31 
manufacturing engineers to design new automation systems for cost effective 
manufacturing.  Automation has applications at all levels of manufacturing in the 
industry.  Gowan and Mathieu (1996) described a commonly used five level 
manufacturing factory model that engineers need to manage in a typical manufacturing 
environment shown in Figure 2.2.  In a factory, it is the task of the manufacturing 
engineer to design the manufacturing systems with seamless interfaces between 
components and levels.  Using this model, education program developer can identify the 
systems design skills requirements of manufacturing engineering graduates. 
 
 
Factory 
System 
Cell 
Workstation 
Equipment 
acquisition 
cost & utilisation 
monitoring 
performance monitoring (process 
plans, capacity plans, quality) 
flow monitoring 
suborders 
orders 
process &      capacity plans 
jobs 
instructions process monitoring 
Order control 
Process and 
production control 
Shop floor 
workshop) control 
Workstation 
control 
Equipment control 
 
Figure 2.2:  Five Level of Manufacturing Model (Gowan and Mathieu, 1996) 
 
Automation systems at equipment and workstation levels use mechatronics components 
extensively.  Design of automation systems requires intuitive and yet systematic 
approaches (Mathur, 2007).  The equipment level system design requires engineers to 
attend to the details that will realise the implementation, i.e. to make it work.  
Workstation level problems are best for practising system integration skills.  The issue is 
that these concepts are easy to generalize in theory, but engineers are unable to have a 
good grasp of the concepts until they learn from practical implementation. 
 
According to Rolland (1999), in spite of the increasing use of commercial off-the-shelf 
(COTS) products for system development, there is little consideration on how to 
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integrate the equipment and workstation. In order to impart integration skills, teaching 
through project oriented course is another option. Dutson et al. (1997) attempted to 
provide comprehensive information base on the survey of 100 papers on the standard 
practices of teaching engineering design through project-oriented courses.  They 
concluded that although the individual structures of the courses were diverse, the 
objective was the same, via, providing students with real-life engineering design 
experience.  Building a good system with high reconfigurability, relies on the use of 
reusable components that have well defined interfaces for integration for each level 
(Rahman and Mo, 2010).  Hence, the system design activities in the course are 
developed with the idea of “build from components”.  By having the flexibility of adding 
new engineering models into the simulated environment, innovative ideas for new 
products and equipment can be explored as well as improve the design skills of 
engineering graduates. 
 
2.5.2 Manufacturing System Configuration Phases 
 
Configuration of manufacturing systems is a strategic decision. However, many 
companies have lost their production capabilities every time they acquire a new system 
or modifying existing system. Regardless of the cause, companies have a challenging 
problem arise due to selecting new resources that fit their future needs better (ElMaraghy 
et al., 2005).  This phase is a very critical since each decision taken will directly affect 
the performance of the new system at this level and therefore its profitability in the 
future. Often, the information available at the early configuration stage is not detailed 
and is sometimes uncertain (Matta et al., 2001).  This is important since unexpected 
variations of the volumes required by the market or the introduction of new products, 
can make the solution unsuitable to fulfill the market requests. At the same time, the 
decision must consider many system variables such as the process type, number of 
iteration and the process condition. To solve the problem, a simplified methodology that 
can deal with all the aspects described above is necessary. Mo et al. (2009) believed that 
in configuring the automation work system the goal is therefore not about adapting one 
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system to another, but rather to develop an automation work system from a task 
description independent of the other system, and subsequently assign components to 
achieve the specified function. To understand the configuration process, Rahman and 
Mo (2011) summarised the configuration and reconfiguration phases of work system as 
shown in Figure 2.3. 
  
 
 
Figure 2.3: Work System Configuration Phases (Rahman and Mo, 2011) 
 
The success of any automation work system configuration and reconfiguration will 
depend upon how well the system is executed at the beginning of the phase. Jackson and  
Zave (1995) stressed on the importance of deriving the user requirement at the earlier 
stages of reconfiguration. The Figure 2.3 shows the generic configuration process that 
was concluded based on various methods on configuration and reconfiguration process. 
One of the method is described by Monfared and Weston (2000) though enterprise 
modelling toolset based on the CIMOSA enterprise modelling framework and constructs 
which has been extended to structure and support information modelling based on 
EXPRESS and STEP. They described the use of this extended toolset to define and use a 
semi-generic model of manufacturing cell control systems which is applicable primarily 
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in printed circuit board manufacturing domains. Stoin and Frumusanu (2007) contributed 
their design principles, which are developing a reconfiguration design theory, designing 
reconfigurable machines, creating integration tools and developing self-calibration, self-
diagnosis techniques. Their principles will involve into entirely new manufacturing field 
with enduring benefits for the economy and society.  
 
Another method includes the concept of changeable Manufacturing by Wiendahl et al. 
(2007). The concept is still not in depth, but the concern is still within the scope of 
flexibility. Another input is by Travaini et al. (2002) who described three fundamentals 
model. The first describes assembly line structures, the second illustrates component 
assembly features, and the third produces all the assembly sequences.  All the 
fundamentals provide inputs to the creation of the phases. 
 
Variation in customer demands indicates changes in the market. Specific method on the 
acquisition of the user requirements and later transforming the information into system 
specifications has not been done. In order to keep on track with the changes, Covanich 
and McFarlane (2009) through their case study believe that an easy and simple engine is 
required to manipulate the requirement from the customers. Changes in market indicate 
changes in user requirements. ELMaraghy, (2007) agreed that a low flexibility of the 
system is amongst the challenges that limit the system’s capability to adapt with a new 
requirement. Therefore, new systems need to be set up. However setting up a new 
system is very costly. Often reconfigurable manufacturing system (RMS) the current 
system is manipulated to suit with the new requirement. 
 
Once the specification has been produced, the next process involves implementing the 
system in term of hardware. The implementation stage often requires a manual step. At 
this stage, the research requires diverse concept not limited to the initial configuration of 
a new automation work system, but also to reconfigure the existing system. According to 
Mo (2009), in building an automation system, components required may be associated 
through physical or non-physical specifications at different types. Due to various 
changing needs, addition or removal of physical components in the system will be 
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severely affected, thus affecting the financial component as well. The first step to 
configuring the system is to design the system accordingly. Various methods of 
configuration and reconfiguration are further discussed in the review section of this 
paper for initial understanding on the huge amount of importance of reconfiguration of 
the automation work system. The next process involves the integration of the hardware 
system with any software component. Various methods for integrating the component 
have been introduced. This includes through combined ontological representation of the 
low-level functionality at the high-level control layer by Lepuschitz et al. (2011) and 
through Reconfigurable Manufacturing Execution Systems Architecture (RMESA) by 
Huang et al. (2011). The methods utilize either a programmable logic controller or micro 
controller. The final stage of the phase will be the execution part. 
 
Currently, the acquisition process is conducted manually in which a group of system 
design engineer organized many discussions and meetings to understand the user 
requirements and specifications.  However, there is no effort to tackle the capturing of 
the requirements and transforming it into the system specifications using the mentioned 
method. This is essential because the system specification is scenario dependent in 
which the requirements will provide more precise information towards reconfiguration. 
Hence, without properly capture the requirements; the system may have not been 
designed correctly. It is obvious from the reviews that various methods on configuration 
and reconfiguration have been created, but there were no specific research conducted on 
capturing the requirements. Capturing the requirements or user requirements is essential 
steps to simplify the configuration and reconfiguration works as shown in Figure 2.3.  
 
To act as fast as possible, a specific automated method to capture and manipulate the 
user requirements and later provide an optimum solution for the design of flexible and 
reconfigurable manufacturing automation system is essential to complement with the 
current effort.  
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2.5.3 Manufacturing System Reconfiguration 
 
The automation of manufacturing system has been actively pursued for more than 50 
years. The increased spirit in the industrial automation is mainly due to the explosive 
growth in computer hardware and software technology. As a computer invades almost 
every aspect of our daily lives, the public at large has come to expect a high level of 
automation in every aspect of the manufacturing processes (Gunasekaran, 2001). The 
process requires diverse concept not limited initially to configure a new system, but also 
to reconfigure the existing system.  In addition, there are many steps involve in the 
reconfiguration process.  
 
The stages can be presented as in the following steps shown in Figure 2.4. 
 
 
Figure 2.4: Generic Stages of System Design Reconfiguration 
 
In a flexible reconfigurable framework, the goal is therefore not about adapting one 
system to another, but rather to develop a system design from a task description 
independent of the platform, and subsequently carry out a matching process that assigns 
components to achieve the specified function. Therefore, an essential process of 
reconfiguration starts at the beginning stage of the process that involves understanding 
and transforming the user requirements into system specifications (Bahill & Dean, 
2009).   
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An appropriate system specification is an essential step leading to the successful 
implementation of automation work system configuration. Toni and Tonchia (1998) 
discovered that the system needs to be configured and reconfigured accordingly from 
time to time in order to adapt with the new user requirements.  However, other issue 
arose especially in re-design a system. In most of the case, the implementation of the 
new system needs to be conducted very quickly. 
 
2.6 Components in Manufacturing System Configuration and 
Reconfiguration  
 
The effect of technology to system configuration can be conceptualized in three 
dimensions: the level of automation technology, scale or scalability of the technology 
and the coupling or connection technology. The ratio of technology on human work it 
uses is sometimes called capital intensity process technology. Generally the 
manufacturing process having high range and low volume will use technology with 
lower degree of automation than those with higher volumes and lower range in order to 
justify on the cost of labor saved, but that does not necessarily mean that the net effect is 
an overall cost savings (Alcorta, 1994).  Hence, technology dimension of components 
used in a reconfigured system is critical. 
 
Medina-Mora et al. (1992) shows that there are three types of process technologies that 
are information processing technologies, material processing technologies, and customer 
processing technologies. 
 
The selection of component of the manufacturing system facility is made by experts 
today. The selection of component of the production line, for example, is a very 
important task because the cost of components is half of that for the whole plant.  
Nowadays many researchers from several universities and companies are developing a 
new method to design and build more efficiently. This means that the components have 
to be selected early in the preliminary design stage of the project (Riitahuhta, 1990). 
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The benefits of developing and component platform are readily apparent by allowing 
software systems to fabricate from pre-existing component rather than laboriously 
develop each system from scratch, enormous time and energy can be saved. However, a 
beneficial component library that is a useful and effective repository has been an elusive 
goal. On top of that, a traditional software libraries have been conceived as large central 
databases containing information about the component and often the component 
themselves. (Boonsiri et al., 2002). 
 
The main challenge in designing component-based systems are finding and selecting 
components, often denoted as the component selection problem. Finding a set of 
candidate components for each required functionality may become a difficult task. The 
difficulty in selecting such a subset is finding a selection where the single components 
are compatible with each other. Finding and selecting components will quickly become 
too complex to be performed manually, especially for larger systems. (Hartig and 
Hohlor, 2008). 
 
2.6.1 Automatic Component Selection 
 
Automatic Component Selection (ACS) is a project by Riitahuhta (1990) aiming to 
develop expert systems methods that can help the plant designer to select optimal plant 
components, verifying a logical connection component and to include geometric 
modeling component to model the plant layout.  Later, Paasiala et al. (1993) continued to 
improve it through documentation of design knowledge, systematization of product and 
component data and systemization of user requirements. These make the design work 
more effective leading to fewer design versions due to consistent data. 
 
To be able to perform the selection of components, the components must be modeled on 
a computer. With modern tools, object-oriented model can be made more precise in 
stages so that the prototype model can be produced very quickly. A more accurate model 
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can be created by using inheritance and add new features and rules. The acquired 
knowledge encoded in these rules to generate attribute values from component data. 
Usually describe the performance characteristics of the components modeled. Also, the 
model must incorporate features that suggested the possibility of connection 
components, the type of connection and their local coordinates. For the generations of 
drawing, geometric properties must also contain a number of components in a computer 
interpretable form and rules for the location of the components. Various components of 
the data should be stored in the database. Often data components delivered by different 
manufacturers differ from one another. Therefore, the structure of the database will be 
closely considered. The data must also contain perhaps some of the symbol drawings 
geometry views, etc. 
 
This accelerates the design process, and design alternatives can be generated quickly. 
The configuration and short development cycles that allow manufacturers to deliver 
products faster with work less manual design. When the results are documented in the 
model design, holistic multi-discipline will have direct access to them. This will reduce 
the need for non-standard data transfer between disciplines. 
 
However, this current ACS has its disadvantages which do not extract the user 
requirement directly. It requires a group of panel of discussion to extract the need of the 
customer beforehand before automating the process. 
 
2.6.2 Software 
 
In creating an automated platform for the manufacturing facility system, software tools 
are needed to create interfaces, programming, drawing, etc. Visual Basic was created to 
make it easier to write programs for the Windows computer operating system. Visual 
Basic is built on an early programming language called BASIC (Río-Cidoncha et al., 
2007). Visual Basic is one of the first systems that made it practical to write programs 
for the Windows operating system. These software tools not only create Windows 
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programs, they also take full advantage of the graphical way that Windows functions by 
allowing programmers “draw” their system with a mouse on a computer. According to 
Quatrani (2002), it is easy to integrate with other computer aided design software and 
suitable for this project. 
 
One of the essential pieces of software is computer aided design (CAD) software. This 
will enable the interactive application of reconfiguration framework. The chosen CAD 
software is CATIA helps engineers design mechanical products. CATIA does this by 
making it easy for designers to visualize and communicate a 3D concept. Designers can 
make changes to the design, validate designs against requirements, and provide a design 
for production in the manufacturing sector. 
 
CATIA is capable of addressing the complete product development process, from 
product concept specification through product-in-service, in a fully integrated and 
associative manner (Lin and Hsu, 2008). It can be easily integrated with programming 
software. Based on an open, scalable architecture, it facilitates true collaborative 
engineering across the multidisciplinary extended enterprise, including style and form 
design, mechanical design and equipment and systems engineering, managing digital 
mock-ups, machining, analysis, and simulation. Due to this reason, it is selected as the 
primary software tool for this project. 
 
2.7 Summary of Chapter 
 
Most of the previous researches reviewed were on:  
 
1. Reducing cost needed.  
2. Reducing time required.  
3. Satisfying product requirements.  
4. Satisfying user requirements.  
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Many of these previous works tend to simplify by: 
 
1. Reducing human involvement.  
2. Reducing reconfiguration experience required.  
3. Reducing complexity.  
 
Most of the literature’s outcome revealed that there is no specific method discussed that 
relates user’s specification and requirement and extending to define system 
configuration.  In section 2.4.2 and 2.4.3, in which AI and optimization approaches have 
been reviewed.  However, as concluded in each section, these techniques are still 
dependent on substantial manual intervention which this research aims to eliminate.  The 
literature review on configuration capability of existing systems does not provide any 
specific method to capture requirements or specifications for reconfiguration. Without 
clear understanding of the requirements and specification, it limits the design of new 
configuration to be done by engineers, i.e. significant manual intervention in the system 
design process is required.   
 
From these reviews, it shows that the manufacturing company requires easy to use 
platform for system design and development with less human experience and 
involvement  
 
To act as fast as possible in RMS concept development, a specific automated method to 
capture and manipulate the user requirements and later provide an optimum solution for 
the design of flexible and reconfigurable manufacturing automation system is essential 
to complement with the current effort. It is noted that the outcome of this work is 
intended to provide highly flexible and easily reconfigurable platform to adapt with 
various manufacturing conditions with also less human involvement. This platform will 
not only cater for initial system design and development but also for system 
reconfiguration too.  
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Chapter 3 : Preliminary Work 
 
3.1 Introduction 
 
This chapter discusses the preliminary study conducted with a group of engineers who 
have been working on manufacturing system design and reconfiguration. In order to 
clearly understand the complete design and reconfiguration process, an experimental 
study on reconfiguration work is required. The delivery of the conducted study was in 
the form of observing the engineers experimenting the process of reconfiguration from 
the beginning as well as gathering the outcomes of the work. The outcomes provide 
ideas for the intended framework.  
 
3.2 Design of Experiment 
 
Prior to the development of the model structure, a configuration study was conducted 
with several groups of system design engineers to study the process of reconfiguration 
work. A total of THIRTY THREE (33) engineers took part in the study. To start off with 
the experiment, the following scenario was created: 
 
A distribution center utilizes a diversion system to separate goods according to two 
different weights, namely Weight A and Weight B. The goods come from a single 
conveyor system and continue to two different paths accordingly. 
  
At the beginning of the activity, a set of equipment is provided to each engineer as in the 
following Table 3.1: 
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Table 3.1: Sets of Equipment Provided 
No. Item Space area required (m2) 
1 Weighing station (load cell) 0.01 
2 Cylinders  0.0075 
3 Conveyor 0.1 
4 Chute (slider)  0.02 
5 Inductive sensor  0.0005 
6 Diffuse sensor  0.0005 
7 Retro reflective sensor  0.0005 
8 Accessories  varies 
 
 
Total numbers of each item of equipment provided varied and engineers were given full 
flexibility to design their system with their preference of a number of items. On top of 
that, modification of equipment and additional accessories were also permitted to be 
added.  
 
3.3 System Design Outcomes 
 
The engineers came up with their individual designs.  However, some of them are 
conceptually similar.  At the end of the experimental study, the individual designs were 
consolidated into SIX (6) general designs. The design outcomes were classified 
according to the following criteria: 
 
1. Their similarity in term of the equipment used.  
2. The total number of equipment used.  
3. The shape of the design outcome.  
 
The details of the division can be seen in the following Figure 3.1. 
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Figure 3.1: Proportion of System Design Engineer Outcomes 
 
Majority of the engineers produce design outcome 3 and only TWO (2) engineers did 
not complete with any recognisable design.  
 
3.3.1 System Design Outcome 1 
 
The first design consists of a main conveyor that will transport the good from the initial 
position to the desired path. Figure 3.2 shows the first system design outcomes.  
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Figure 3.2: System Design Outcome 1 
 
As shown Figure 3.2, the weighing machine is placed at the beginning of the main 
conveyor. Once the goods are placed on the weighing machine, the system will receive 
the input signal and start the motor of the conveyor. In case where weight A is received 
and recorded, the flapper arm will then start to actuate from its initial position and close 
the main conveyor to direct the good to the first compartment/slider at the middle of the 
main conveyor. Figure 3.2 also shows the position of the flapper’s arm when good A is 
available on the conveyor. On the other hand, if weight B is received and recorded, the 
flapper arm will maintain its position and will let the good passes through the main 
conveyor until the end of the conveyor where it will be directed to second 
compartment/slider. 
 
In this design, a simple conveying mechanism is utilized in order to transport the 
component to the next position. There is no pusher is placed in order to direct the goods 
to any of the compartment from the main conveyor, instead, this design depends solely 
on the force of the conveyor that pushes the goods into the appropriate compartment. In 
this case, both compartments can be either a sub conveyor or placed in an inclined 
position (using gravitational force) to pull the goods to the designated compartment. In 
order to reset the whole process, a pair of reflective sensor is placed accordingly at the 
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first and second compartment/slider. Once the goods pass the sensor, it will give the 
signal to stop the main conveyor and reset the process. 
 
The following Table 3.2 shows the item used to design the system: 
 
Table 3.2: List of Equipment for System Design Outcome 1 
No. Item Number 
required 
Space area 
required (m2) 
Total space area 
required (m2) 
1 Weighing station (load cell) 1 0.01 0.01 
2 Cylinders  2 0.0075 0.015 
3 Conveyor 1 0.1 0.1 
4 Chute (slider)  2 0.02 0.04 
5 Retro reflective sensor  2 0.0005 0.001 
Overall space area required (calculation) 0.166 
 
 
Based on this design configuration, the actual total area required after the design 
completed is approximately 0.30 m2. 
 
The actual space required after assembly into a working configuration is about 1.80 
times the overall space required added individually through calculation. 
 
3.3.2 System Design Outcome 2 
 
The second design consists of one main conveyor with a wider range of path that will 
transport the goods from the initial position to the desired compartment. There exists a 
divider wall at the centre of the conveyor starting at the midpoint of the main conveyor 
as shown in Figure 3.3.   
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Figure 3.3: System Design Outcome 2 
 
A flapper’s arm is installed at the tip of the wall facing straight towards the starting 
points of the conveyor. In this design, the flapper will move accordingly to close/open 
the right or left side. The weighing machine is placed at the beginning of the main 
conveyor similar to the first design. Once the goods are placed on the weighing machine, 
the system will receive the input and actuate the motor of the conveyor. 
 
In this design, in case where weight A is placed on the weighing machine, the process 
starts with the system receiving and sending the input signal to actuate the motor of the 
conveyor. At the same time, the flapper’s arm will close the main conveyor on the lower 
path to direct the goods to the upper path at the earlier stage. Similar to the first design, 
the flapper’s arm plays an important role in diverting the goods appropriately. The 
position of the flapper’s arm is always maintained at the middle heading towards the 
starting point of the process. On the other hand, if weight B is received and recorded, the 
flapper’s arm will close the upper path to direct the goods to the lower path as shown in 
Figure 3.3. At both conditions, the flapper’s arm will maintain its position and will let 
the good passes through the main conveyor until it passes the reflective sensor placed 
after the flapper arm. In order to reset the whole process, this pair of reflective sensor is 
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used to send a signal to the processor. Once the good passes the sensor, it will give the 
signal to stop the main conveyor and reset the process. 
 
The following Table 3.3 shows the item used to design the system: 
 
Table 3.3: List of Equipment for System Design Outcome 2 
No. Item Number 
required 
Space area 
required (m2) 
Total space area 
required (m2) 
1 Weighing station (load cell) 1 0.01 0.01 
2 Cylinders  2 0.0075 0.015 
3 Conveyor 1 0.1 0.1 
4 Retro reflective sensor  2 0.0005 0.001 
Overall space area required (calculation) 0.126 
 
 
Based on this design configuration, the actual total area required after the design 
completed is approximately 0.24 m2. 
 
The actual space required after assembly into a working configuration is about 1.90 
times the overall space required added individually through calculation. 
 
3.3.3 System Design Outcome 3 
  
The third design consists of a main conveyor with a diversion path in the end making it 
looks like the letter ‘Y’. This design as shown in Figure 3.4 utilizes a flapper arm at the 
tip of the diversion path which allows goods to be diverted to the right/left or 
upper/lower path/stream.  
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Figure 3.4: System Design Outcome 3 
 
The initial position of the flapper’s arm is facing straight towards the starting points of 
the conveyor that can be seen in Figure 3.4. At initial point, the weighing machine 
placed at the beginning of the main conveyor will weigh the goods. Once a goods are 
placed on the weighing machine, the system will receive the input and actuate the motor 
of the conveyor. The flapper will move accordingly to close/open the right/left or 
upper/lower path/stream. 
 
The following Table 3.4 shows the item used to design the system: 
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Table 3.4: List of Equipment for System Design Outcome 3 
No. Item Number 
required 
Space area 
required (m2) 
Total space area 
required (m2) 
1 Weighing station (load cell) 1 0.01 0.01 
2 Cylinders  2 0.0075 0.015 
3 Conveyor 1 0.1 0.1 
4 Chute (slider)  2 0.04 0.08 
5 Retro reflective sensor  2 0.0005 0.001 
Overall space area required (calculation) 0.206 
 
Based on this design configuration, the actual total area required after the design 
completed is approximately 0.605 m2. The actual space required after assembly into a 
working configuration is 2.94 times the overall space required added individually 
through calculation. 
 
3.3.4 System Design Outcome 4 
 
The fourth design is almost similar to the third design where it consists of a main 
conveyor with a diversion path in the end. However, the placement of the weighing 
machine is at the middle of the conveyor, specifically at the diversion junction of the 
conveyor as shown in Figure 3.5.  
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Figure 3.5: System Design Outcome 4 
 
In this design, instead of using the flapper’s arm, it utilizes two pushers (single acting or 
double acting cylinder) to push the goods to the appropriate path. Goods are transported 
from the initial position of the conveyor to the weighing machine at the centre.  It will 
stop and wait for the pusher to be activated. The placements of the pusher are adjacent to 
both path (right and left). Once the goods are pushed to the correct path, the process will 
be reset. In this design, the reflective sensor is still used as a signal from the weighing 
machine to reset the process. 
 
The following Table 3.5 shows the item used to design the system: 
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Table 3.5: List of Equipment for System Design Outcome 4 
No. Item Number 
required 
Space area 
required (m2) 
Total space area 
required (m2) 
1 Weighing station (load cell) 1 0.01 0.01 
2 Cylinders  2 0.0075 0.015 
3 Conveyor 1 0.1 0.1 
4 Chute (slider)  2 0.04 0.08 
5 Retro reflective sensor  2 0.0005 0.001 
Overall space area required (calculation)  0.206 
 
Based on this design configuration, the actual total area required after the design 
completed is approximately 0.77 m2. The actual space required after assembly into a 
working configuration is 3.74 times the overall space required added individually 
through calculation. 
  
3.3.5 System Design Outcome 5 
 
The fifth design utilizes only one pusher placed at the middle of the main conveyor to 
push aside goods to one path as shown in Figure 3.6.  
 
      53 
 
Figure 3.6: System Design Outcome 5 
 
In addition of that, there is an actuated barrier for opening and closing the second path. 
In this design, the weighing machine is placed at the beginning of the main conveyor 
similar to the first design. Once a goods are placed on the weighing machine, the system 
will receive the input and actuate the motor of the conveyor. If the goods is of Weight A, 
the barrier actuator will continue its extending position and the pusher will get ready for 
pushing to path A. On the other hand, if goods B is weighted, the pusher will not do it 
part and the extended barrier will be retracted to let the good passes the middle section 
through until the end.  
 
One sensor is required which is placed near to the pusher as shown in Figure 3.6. This 
sensor will sense the present of the both goods (either A or B) regardless of their weight, 
and further sent the signal to either push of open the barrier accordingly. 
 
Table 3.6 shows the item used to design the system: 
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Table 3.6: List of Equipment for System Design Outcome 5 
No. Item Number 
required 
Space area 
required (m2) 
Total space area 
required (m2) 
1 Weighing station (load cell) 1 0.01 0.01 
2 Cylinders  3 0.0075 0.0225 
3 Conveyor 1 0.1 0.1 
4 Chute (slider)  1 0.02 0.02 
5 Retro reflective sensor  1 0.0005 0.0005 
Overall space area required (calculation)  0.153 
 
 
Base on this design configuration, the actual total area required after the design 
completed is approximately 0.3375 m2. The actual space required after assembly into a 
working configuration is about 2.20 times the overall space required added individually 
through calculation. 
 
3.3.6 System Design Outcome 6 
 
In the final or sixth design, the mechanism utilizes a two level diversion system. It 
consists of a main conveyor and sub conveyor B at the upper level while another sub 
conveyor B at a lower level. At the end of the main conveyor, one flapper conveyor is 
placed to divert the goods accordingly. The arrangement of the design can be seen in 
Figure 3.7.  
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Figure 3.7: System Design Outcome 6 
 
Once the weighing machine start weighing and recording the goods, it will appropriately 
move the main conveyor. If the good is of Weight A, the flapping conveyor will keep the 
level up and let the goods flow to the upper path which will be followed by the 
additional moving conveyor A. On the other hand, if goods B is weighted, the flapping 
conveyor will be moved down to let the flow of path to the lower level as shown in 
Figure 3.7. These operations will then be followed by the additional moving conveyor B. 
In order to reset the whole process, pair of reflective sensor is required to be placed at 
both level A and B. Once the good passes the sensor, it will give signal to stop the main 
conveyor and reset the process. 
 
The following Table 3.7 shows the item used to design the system: 
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Table 3.7: List of Equipment for System Design Outcome 6 
No. Item Number 
required 
Space area 
required (m2) 
Total space area 
required (m2) 
1 Weighing station (load cell) 1 0.01 0.01 
2 Cylinders  2 0.0075 0.015 
3 Conveyor 1 0.1 0.1 
4 Chute (slider)  2 0.02 0.04 
5 Retro reflective sensor  2 0.0005 0.001 
Overall space area required (calculation)  0.166 
 
 
Based on this design configuration, the actual total area required after the design 
completed is approximately 0.15 m2. 
 
The actual space required after assembly into a working configuration is about 0.90 
smaller than the calculated space required added individually through calculation. For 
this design outcome, the actual floor space becomes smaller due to the arrangement of 
the equipment that were stacked onto each other rather that side by side. 
 
3.4 System Design Concept and Variations 
 
It is amazing to note that different engineers produced different types of designs to 
complete the same task specification. All designs proposed show their unique concept of 
transporting and diverting the goods as prescribed at the earlier stage. There is no wrong 
or right design.  
 
Design outcome 1 utilises the running conveyor to push the part off the track.  Selection 
is by allowing the part to drop through different exit points.  Design outcome 2 uses a 
flapper arm to direct the part to different sub-channels in the main track.  The part needs 
to be smaller than half the conveyor width.  Design outcome 3 uses the flapper arm to 
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direct the part to its respective dropout exits.  The angled exit directions could reduce 
jamming.  Design outcome 4 uses pushing cylinders to ensure exit of the part to the 
dropout exits.  This design also placed the weighing station closer to the exit point.  
Design outcome 5 uses a combination of barrier and pushing actions to select one of the 
parts.  The other part is allowed to pass through.  This design has a simple mechanical 
mounting.  Design outcome 6 uses a split level arrangement.  Selection is by dropping 
the channel to a second exit channel. 
 
Hence, each design poses its advantages and disadvantages which can be further 
considered for evaluation. This section reviews the system designs outcomes and 
compares the design similarities and differences. 
 
3.4.1 Generalization of System Design Task 
 
From the design outcomes, generic task descriptions based on the activities can be 
formed in Table 3.8: 
 
Table 3.8: Activities Descriptions 
Task Descriptions 
Process starts. 
Goods arrive at weighing station and stop. 
Weight of goods is recorded and watched. 
Appropriate path open. 
Goods move through to selected path. 
Process resets to the next cycle. 
 
The sequence of these activities may vary due to the adoption of different components. 
 
      58 
3.4.2 Variation of Equipment 
 
Variation of the equipment required to setup the system can occur.  This may be 
constrained by the availability of the current equipment in the existing setup or 
additional new equipment as well as the availability of the current space in the existing 
setup or additional new space.  The space required for setting up the system will also 
vary significantly. 
 
3.4.3 Observed Advantages and Disadvantages 
 
All proposed designs are acceptable and applicable to a given scenario.  It is just a matter 
of preferences to the end users. Table 3.9 shows the advantages and disadvantages found 
for each proposed design for future extension consideration: 
 
Table 3.9: Advantages and Disadvantages of System Design Outcomes 
Design 
Outcomes 
Advantages Disadvantages 
1 Extension of a large number of 
components is easy through extension 
of the main conveyor. 
Sorting of a large number of components 
is possible, however, extension of the 
conveyor required. 
2 Simple design. Sorting of a large number of components 
may not be possible and require change 
into a new configuration. 
3 Simple design. Sorting of a large number of components 
may not be possible and require change 
into a new configuration. 
4 Simple design. Sorting of a large number of components 
may not be possible and require change 
into a new configuration. 
5 Extension of a large number of 
components is easy through extension 
of the main conveyor. 
Sorting of a large number of components 
is possible, however, extension of the 
conveyor required. 
6 Utilize smallest space. Sorting of a large number of components 
may not be possible and require change 
into a new configuration. 
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These advantages will give a good understanding for each design outcomes. From Table 
3.9, it shows that system design outcomes 1 and 5 are the best options if the process 
requires future extension due to additional sorting task. The remaining design outcomes 
require new configuration. 
 
3.4.4 Space Realisation Factor 
 
The space occupied by an individual component is not a footprint of the component 
itself.  However, when several components are put together in a working configuration, 
the physical footprint can be substantially different from the space occupied by the sum 
of individual components.  The experience in this preliminary system configuration 
study shows that the average space occupied by the system is 2.41 times of the space 
occupied by the sum of individual components as shown in Table 3.10.  This expansion 
of space utilization needs to be factored in when a working configuration model is 
developed and that when it is physically realized on the factory floor.  This factor is 
called “space realization factor”. 
 
Table 3.10: Space Realisation Factor 
Design 
Outcomes 
Space 
factor 
1 1.80 
2 1.90 
3 2.94 
4 3.74 
5 2.20 
6 0.90 
Average 2.41 
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3.5 Summary of Preliminary Work 
 
It was observed that some of the designs proposed have similarities to each other. 
However, they can be easily distinguished from each other as well.   
 
From the outcomes of the engineers’ works, the scenario given will provide the 
information about the requirement from the users to the engineers. However, in order to 
achieve the objective of the work, two main decision criteria were identified to assist in 
the selection of system configuration, i.e. the equipment required to configure the system 
and the space required for setting up the system. The equipment required may be 
constrained by the availability of the current equipment in the equipment store or 
additional new equipment.  The availability of the current space will constrain the 
usability of some system configuration 
 
The experiment shows that current system reconfiguration process is time-consuming. 
Individual engineers have their preferred style of system configuration design.  The 
outcome may not be the optimum design.  The outcome of this chapter will provide the 
justification for the needs of a new automating framework in reconfiguration of 
manufacturing system. An automatic method is, therefore, required to manage all 
variations in user requirements and specifications. This is to ensure the configurability 
issues mentioned in the earlier chapter can be resolved. 
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Chapter 4 : Conceptualization of Reconfiguration Model 
 
4.1 Introduction 
 
This chapter describes the creation of system design reconfiguration model based on the 
outcomes from the preliminary work. The experiment in the preliminary work has shown 
that in order to produce the best system reconfiguration, a specific understanding on 
capturing method of the requirements and specifications for reconfiguration is required. 
Using the findings of the experiment, this chapter will conduct a detailed analysis of 
different parameters and concepts employed in the design structures in the six design 
cases. A generic structure is required to understand reconfiguration process so that the 
process can be automated. The conceptualization of the generic structure for 
reconfiguration process in sorting activity will be discussed in this chapter. 
 
4.2 The Effect of Total Number of Products 
 
This section will analyze the effects of sorting two different products. From the 
experiment, each design outcomes provide its structure. All structures will be described 
in the following subsection. 
 
4.2.1 Design Outcome 1 
 
In Design Outcome 1, a simple conveyor is used as the moving mechanism for the goods 
to push through differentiation stages.  Sensors are used at suitable locations.  Additional 
guiding mechanisms are used to sort the product.  In order to visualise the design 
characteristics, the activity steps are symbolized as shown in Figure 4.1. 
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Figure 4.1: Activity Steps of Design Outcome 1 
 
Figure 4.1 shows the option to proceed with the first set of activity or the second set of 
activity. This set shows that after 4 activities, the structure will choose to sort product 1 
or product 2. This is due to the scenario’s requirement is to sort 2 products. 
 
4.2.2 Design Outcome 2 
 
The Design Outcome 2 consists of one main conveyor and subsequently divided by a 
partition.  A flapper’s arm is used as the distinguishing mechanism.  The design is 
symbolized as a number of activity steps as shown in Figure 4.2. 
 
      63 
 
Figure 4.2: Activity Steps of Design Outcome 2 
 
Figure 4.2 shows the option to proceed with the first set of activity or the second set of 
activity. Similar to the previous outcomes, the structure shows the choice of sorting 
product 1 or product 2 after the 4th activity. This is due to the scenario’s requirement is 
to sort 2 products. 
 
4.2.3 Design Outcome 3 
 
The Design Outcome 3 consists of a main conveyor with a diversion path in the end 
making it looks like the letter ‘Y’. This design utilizes a flapper arm at the tip of the 
diversion path which allows goods to be diverted to two separate paths.  The design is 
symbolized as shown in Figure 4.3. 
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Figure 4.3: Activity Steps of Design Outcome 3 
 
Figure 4.3 shows the option to proceed with the first set of activity or the second set of 
activity. Similar to the previous outcomes, the structure shows the choice of sorting 
product 1 or product 2. This is due to the scenario’s requirement is to sort 2 products. 
 
4.2.4 Design Outcome 4 
 
The Design Outcome 4 is almost similar to Design Outcome 3 where it consists of a 
main conveyor with a diversion path in the end. However, the weighing process is at the 
middle of the conveyor that changes the sequence of the function block slightly.  The 
design is symbolized as shown in Figure 4.4: 
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Figure 4.4: Activity Steps of Design Outcome 4 
 
Figure 4.4 shows the option to proceed with the first set of activity or the second set of 
activity. Similar to the previous outcomes, the structure shows the choice of sorting 
product 1 or product 2. This is due to the scenario’s requirement is to sort 2 products. 
 
4.2.5 Design Outcome 5 
 
The Design Outcome 5 utilizes only one pusher placed at the middle of the main 
conveyor to separate the path of the goods.  Logically, this makes the symbolised system 
in Figure 4.5 similar to Figure 4.4: 
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Figure 4.5: Activity Steps of Design Outcome 5 
 
Figure 4.5 shows the option to proceed with the first set of activity or the second set of 
activity. Similar to the previous outcomes, the structure shows the choice of sorting 
product 1 or product 2. This is due to the scenario’s requirement is to sort 2 products. 
 
4.2.6 Design Outcome 6 
 
In Design Outcome 6, the system has two levels.  Separation of the products is done by a 
flapper similar to other designs.  The design is symbolized in Figure. 4.6: 
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Figure 4.6: Activity Steps of Design Outcome 6 
 
Figure 4.6 shows the option to proceed with the first set of activity or the second set of 
activity. Similar to the previous outcomes, the structure shows the choice of sorting 
product 1 or product 2. This is due to the scenario’s requirement is to sort 2 products. 
 
4.2.7 Comparison of the Design Outcomes 
 
Although the six design outcomes look very different at the detail design level, when 
they are captured into an abstract level, their structures are quite similar.  In summary, 
the foregoing sections have symbolized the design outcomes by the followings: 
 
1. Design outcome 1 which utilises the running conveyor to push the part off the 
track is modelled by motion in the main branch. 
2. Design outcome 2 which uses a flapper arm to direct the part to different sub-
channels in the main track is modelled by flapper at the side branch. 
3. Design outcome 3 which uses the flapper arm to direct the part to its respective 
dropout exits is modelled by swiped out at the parallel section. 
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4. Design outcome 4 which uses pushing cylinders to ensure exit of the part to the 
dropout exits is modelled by cylinder pushes at the parallel section. 
5. Design outcome 5 which uses a combination of barrier and pushing actions to 
select one of the parts is modelled similarly as Design Outcome 4. 
6. Design outcome 6 which uses a split level arrangement is modelled with a drop 
in one branch and a move in another.  
 
These modelling details are generalized in Section 4.3. 
 
4.3 Generalization of Activity Steps 
 
By symbolizing the activity steps of all the SIX (6) design outcomes, it is now easy to 
see the fundamental purpose of the activities.  To generalize the structure, all the 
symbolized activities need to be re-interpreted in a generic team. Once all the outcomes 
have been clarified, the activity steps for each outcome can be grouped and generalized 
using similar terms as shown in Table 4.1.  
 
Table 4.1: The Collective Generic Term for Activity Steps 
No. STEPS GENERIC TERM 
1 SET EQUIPMENT SET 
2 SENSE WEIGHT,  
SENSE AVAILABILITY 
RECOGNIZE 
3 CYLINDER PUSH,  
CONVEYOR MOVE 
MOVE 
4 SWIPE IN, SWIPE OUT,  
SWIPE LEFT, SWIPE RIGHT 
HOLD 
5 EJECT, DROP EJECT 
6 RESET RESET 
 
The first generic term used is ‘SET’. This is to indicate that the starting of the process in 
which a setting activity to the equipment.  The second generic term ‘RECOGNIZE’ 
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indicates that all the sensing activity regardless of the type of sensor.  The third term 
refers to the movement of the product from one place to another. In this case either push 
by the cylinder or transfer by the conveyor.  The fourth term ‘HOLD’ is used to indicate 
the activity of swiping equipment se to hold or let the product. In this case it will divert 
the product accordingly.  The next term used is referred to the activity of ejecting or 
dropping the product accordingly after the sorting is completed.  The final term used in 
the proposed design outcomes is ‘RESET’. 
 
Generalisation of terms is necessary to reduce the complexity of associating verbal 
statements to a more systematic process. 
 
4.4 Modelling Framework for Sorting  
 
From the analysis of the sorting process for all the outcomes, using the similar terms, the 
generic steps for sorting of 2 products can be developed as in Figure 4.7: 
 
 
Figure 4.7: Generic Steps Structure for Sorting 2 Products 
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In this case, the study begins with the sorting process of two different weights of 
products. The initial possible automation work system is proposed to accommodate the 
process.  
 
Once completed, the order of the process is increased by introducing the third products 
with another weight. The process is repeated with several additions of products of 
different weight while proposing similar design with slight changes. After several 
additions of different weight of products, the proposed design is generalized. The 
following Figure 4.8 illustrates the user requirement for sorting ‘n’ number of different 
weight of products. 
 
 
Figure 4.8: User Requirement for Sorting ‘n’ Number of Products 
 
Based on the generic structure that is developed in this chapter for sorting 2 products, the 
set of activity on the right of the model in Figure 4.7 can be repeated as the number of 
product to be sorted is increased. On the other hand, the set of activity on the left of the 
model will remain the same irrespective of the number of products. From this 
observation, the generalized steps for sorting of ‘n’ products can be developed. This can 
be illustrated as in Figure 4.9: 
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Figure 4.9: Generic Steps Structure for Sorting ‘n’ Products 
 
The additional set of activity that can be repeated and added to the right of the basic 
structure is of the same set of activity. In general, the number of set of activity is found 
to have a relationship on the number of product to be sorted ‘n’. 
 
When the number of product to be sorted changes, in this case ‘n’ product, the repetition 
of a set of activity will occur. This number of product, n in this case is standardized to be 
called as the number of item count represented as (I). 
 
Base on the developed generalization steps in the earlier section for sorting of ‘n’ 
products a mathematical relationship can be obtained. From the combination, it shows a 
unique pattern that can be used to generalize the activity and can be known as system 
action (SA). Therefore, for ‘n’ number of component to be sorted is indicated as the total 
number of system action required for sorting SATotal,Sort  as shown in Equation (4.1): 
 
SATotal, Sort = 5 + (n – 1)4        (4.1) 
 
For sorting case, the value of ‘n’ must be equal or greater than two (n ≥ 2), otherwise the 
process will not be doing any sorting. In term of the sequence of the system action, the 
      72 
sorting process chooses alternative combination. The process will choose the system 
action combination accordingly upon receiving the information at the earlier recognition 
process at the second system action (SA2). The process will decide to proceed with either 
the fourth system action (SA4) or sixth system action (SA6) immediately after the third 
system action (SA3). This relationship is shown as in Equation (4.2): 
       
2SASortBase2 
SASortSeq = 3SASortBase1  or       (4.2) 
    4SASortAlternative 
 
The sequence of system action for sorting (SASortSeq) start with the initial three basic 
system actions (3SASortBase1). It will then be followed with either two basic system 
actions (2SASortBase2) for sorting item number 1 or repetition of four alternative system 
actions (4SASortAlternative) for sorting item number 2 until nth item. It is clear that when 
the number of product to be sorted is known, the number of the additional set of task can 
be determined readily.  The system configuration to manufacture the product can then be 
elaborated to make it a reality. 
 
4.5 The Effect of Sorting Criteria 
 
At this stage, the experiment assumes that the weight is the only sorting criteria. In 
analyzing the experiment, the focus sorting category is on the different type of weight. In 
the previous scenario, the recognition equipment use is the load sensor (weight) to 
measure the different weight and provide feedback of the weight to the system. If the 
criteria of sorting the product are changed to according to color, type of material etc., 
principally the recognition equipment (sensor) will be changed accordingly. The 
following terms will indicate the changes of sorting criteria. 
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Figure 4.10: Sorting Criteria 
 
This change does not affect the structure of the activity steps in the previous chapter. 
However, the recognition equipment will need to be changed. Since the structure does 
not change, it proves that it is valid for all type of sorting criteria. This criterion is 
important information to proceed with the reconfiguration of the system. To simplify the 
discussion, the criteria of product to be sorted are standardized as criteria represented as 
(C). Again, this change in C does not affect the structure hence it does not affect the 
number of products, I. 
 
Having defined the generic sorting criteria, the main thinking behind some of the 
important user requirements can be developed. The key in this process is the 
identification of user requirements in sentence and keywords, which have unique 
meanings.  Later, the user requirement will be transformed into system specifications. At 
the beginning of the process, an understandable set of user requirements is required, 
either from verbal description or by some documentation or statement, to formulate a 
conceptual model of what the system is supposed to do. In this case, the user 
requirements for automation work system come from the user in terms of type of 
process, number of the item to be processed and the condition of the system. The user or 
the customer will usually provide the requirement. This user requirement may come 
before or after the system is already available as follows:  
 
1. Possible Number of Item Count (I):  
• ‘n’ number of product  
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2. Possible Condition (C):  
• By weight, material, height  
 
In a nut shell, the extraction process begins with identifying the item count (I) and 
condition (C) which at this stage known as an identifier.  
 
4.6 Concluding Remark 
 
The generic framework so far can determine the manufacturing system configuration of 
the sorting process.  The reconfiguration model requires two main component from the 
user that is the item count (I) and condition (C).  The question is: does this model work 
for other manufacturing processes?  This issue is considered in the next Chapter. 
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Chapter 5 : The Generic Reconfiguration Model 
 
5.1 Introduction 
 
The sorting process system configuration model has been created in previous chapter. 
The two configuration identifiers “criteria (C)” and “item count (I)” are defined from 
one manufacturing process.  The question is: are these identifiers sufficient for other 
manufacturing processes?  In this chapter, a couple of different manufacturing processes 
will be explored to validate the applicability of these identifiers as well as investigating 
whether there are other identifiers in a generalized scenario. 
 
5.2 Assembly Process 
 
Many production lines end up with the assembly of parts into the final product.  To 
examine the modelling structure of the assembly process, a scenario is created to assist 
the visualization of new identifiers as well examining the usability of the two identifiers 
already defined. 
 
In this case, the study begins with the assembling process of two components – one 
cylindrical shape pin and one cubical with one hole. The scenario can be described as: 
 
Two parts, namely part A and part B are to be assembled together. Part B will be 
inserted into part A from the top side. 
 
Figure 5.1 shows the generalized assembly scenario. 
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Figure 5.1: Schematic for Assembling 2 Parts 
 
5.2.1 Modelling Framework for Assembly 
 
In order to proceed with this process, the generic structure for the sorting process is used 
as a reference. New elements are added to the structure and work flow logic is modified. 
Based on an assembly process of 2 parts, the following generic steps for the assembly 
can be developed as follow: 
 
 
Figure 5.2: Generic Steps Structure for Assembling 2 Parts 
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Unlike the sorting process, assembly process has one sequential work flow.  There is no 
spin-off side branch.  The changed section (marked as “sub”) the parallel path.  This 
indicates that the structure used for the sorting process cannot be applied for assembly. 
 
5.2.2 Generalization to Multiple Parts 
 
For multiple parts assembly, a base part is first identified, and other parts are 
sequentially assembled to the base part one by one.  This process can be visualized as 
shown in Figure 5.3. 
 
 
Figure 5.3: User Requirement for Assembling ‘n’ Number of Parts 
 
From the modelling point of view, a set of task in the circle (sub 2) can be repeated as 
the number of parts to be inserted is increased. On the other hand, the set of tasks in the 
leading up and post assembly sequence remain the same. From this observation, 
generalized steps for assembly of ‘n’ parts can be developed. Similarly on the analysis of 
the design outcomes for the sorting process discussed in the previous section, the 
number of sub activity set will depend on the ‘n’ parts, and this can be illustrated in 
Figure 5.4. 
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Figure 5.4: Generic Steps Structure for Assembling ‘n’ Parts 
 
Hence for assembly of ‘n’ parts a mathematical relationship can be obtained in Equation 
(5.1). Again, the combination shows a unique pattern that can be generalized for 
indicating the total number of system action required for this assembly process: 
 
SATotal, Assy = 3 + (n – 1)4 + 2  (5.1) 
 
The characteristic of assembly manufacturing system is modelled as a series of actions 
as shown in Figure 5.4.  The equation (5.2) is a mathematical representation of the serial 
relationship, which is different from the parallel branching relationship shown in the 
sorting manufacturing system in Figure 4.9.   
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The value of ‘n’ for the assembly process is equal or greater than two (n ≥ 2), otherwise 
the process will not do assembling task. In term of the sequence of the system action, the 
assembly process chooses direct combination. The process will add the system action 
combination accordingly upon receiving the information at the earlier recognition 
process at the second system action (SA2). Later, the process will add numbers of 
subassemblies accordingly. The relationship is shown in the following Equation (5.2): 
 
SAAssySeq = 3SAAssyBase1  (n - 1)4SAAssyAlternative  2SAAssyBase2   (5.2) 
 
The sequence of system action for assembly (SAAssySeq) start with the initial three basic 
system actions (3SAAssyBase1). It will then be followed with repetition of four alternative 
system actions (4SAAssyAlternative) for assembly of 2 item until nth number item. 
Immediately after the alternative cycle is completed, there are two remaining basic 
system actions (2SAAssyBase2) will follow. Each system action will indicate a need for a 
certain type of component. In the next section system component (SC) is introduced to 
the current combination which will be further derived the model. Similar to the sorting 
process, the number of sub activity will increase accordingly to the number of parts ‘n’ 
or the item count (I).  
 
The structure for assembly will change and not similar to the sorting process. However, 
the structure is valid regardless of changes in the criteria within the assembly process. 
 
5.3 Painting Process 
 
The painting process changes a specific characteristic of the part.  For this case, it begins 
with the painting process of a product with one color. The scenario can be described as: 
 
A product is painted with color A 
 
Figure 5.5 shows the generalized painting scenario. 
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Figure 5.5: Schematic for Painting Colors 
 
5.3.1 Modelling Framework for Painting Process 
 
In order to proceed with this process, the generic structure for the sorting process is used 
as a reference. A new set of structure is developed once the process is changed. Based on 
the painting process of a products, the following generic steps for painting can be 
developed as shown in Figure 5.6. 
 
 
Figure 5.6: Generic Steps Structure for Painting One Colour 
 
      81 
Similar to the assembly process, the generic step structure is a sequence of activities 
without a decision branch.  When compared to the assembly process, painting does not 
require handling (or movement) of the second part. 
 
5.3.2 Generalization to Multiple Colors 
 
If two colours are required to be painted on the same part, the additional colour is 
painted after the first colour is done as shown in Figure 5.7. 
 
 
Figure 5.7: Painting Two Colours on the Same Part 
 
The painting process can be symbolized by adding a section to the end of the first 
painting as shown in Figure 5.8. 
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Figure 5.8: Generic Steps Structure for Painting Two Colours 
 
Multiple colour painting requirements can be specified by product designers, but they 
are not common.  Extending from Figure 5.8, for painting ‘n’ number of colours, the 
sequential section is repeated as shown in Figure 5.9. 
 
The characteristic of painting manufacturing system is modelled as a parallel branching 
relationship, which is similar to the assembly manufacturing system as shown in Figure 
4.9.  Hence, the form of equation (5.3) is similar to equation (4.2).  However, the 
preparatory work in painting is not as extensive as assembly and hence the coefficients 
are different. 
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Figure 5.9: Generic Steps Structure for Painting ‘n’ Colours 
 
Furthermore, for painting of ‘n’ colours, a mathematical relationship can be obtained as 
shown in Equation (5.3). From the combination, it shows a unique pattern that can be 
used to generalize the system action. Therefore, for ‘n’ number of colours to be painted,  
 
SATotal, Paint = 3 + (n) 6  (5.3) 
 
For painting case the value of n must be equal or greater than 1 (n ≥ 1), otherwise the 
process will not do any painting. In term of the sequence of the system action, the 
painting process chooses alternative combination. The process will choose the system 
action combination accordingly upon receiving the information at the earlier recognition 
process at the second system action (SA2). The process will decide to proceed with either 
the fourth system action (SA4) or tenth system action (SA10) immediately after the third 
system action (SA3). The process will choose the system action combination accordingly 
upon receiving the information at the earlier recognition process. The relationship is 
shown in the following Equation (5.4): 
 
SAPaintSeq = 3SAPaintBase1  (n) 6SAPaintAlternative  (5.4) 
      84 
 
Similar to the sorting process and assembly, the number of sub activity will increase 
accordingly to the number of color ‘n’ or the item count (I). The structure, however, will 
change and does not look similar to the sorting process and assembly. Ontop of that, the 
structure is valid regardless of changes in the condition within the painting process. 
 
The structure for painting is similar to assembly.  The item count becomes the number of 
colours, while the criteria identifier is determined by the amount of painting on the 
object.  The generic identifiers criteria (C) and item count (I) apply. 
 
5.4 Extracting to Generality 
 
This section examines the main thinking behind some of the important user 
requirements. The key in this process is the identification of user requirements in 
sentence and keywords, which have unique meanings.  Later, the user requirement will 
be transformed into system specifications. At the beginning of the process, an 
understandable set of user requirements is required, either from verbal description or by 
some documentation or statement to formulate a conceptual model of what the system is 
supposed to do. In this case, the user requirements for automation work system come 
from the user in terms of process, number of the items to be processed and the criteria 
for each process of the system. The user or the customer will usually provide the 
requirements. This user requirement may come before or after the system is already 
available. 
 
The previous section shows that in addition to the number of item count, I and criteria of 
the process, C, different process sorting, assembly or painting will make up a different 
structure. This indicates, changes in process (P) will change the overall structure of the 
reconfiguration.  The identifiers and variations within the identifiers can be summarized 
in Table 5.1. 
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Table 5.1: Identifier and Variations 
Identifiers Process Type (P): Number of Item Count (I) Criteria (C) 
Variations  Sorting – 1, 2, 3, . 
. . , n products 
 Assembly – 1, 2, 
3, . . . , n parts 
 Painting – 1, 2, 3, 
…., n colors  
 ‘n’ number of products  
 ‘n’ number of parts 
 ‘n’ number of colors 
 
 By weight, 
material, 
height  
 From side, top, 
bottom  
 
 
In a nut shell, the extraction process begins with identifying the process type (P), item 
count (I) and criteria (C).  
 
5.5 Concluding Remarks 
 
From the discussion in this chapter, it can be concluded that three main identifiers need 
to be looked into in order to proceed with the reconfiguration:  The conclusion for using 
three identifiers has not been drawn lightly.  These identifiers have been examined 
carefully in each of the six design cases as described in Chapter 3 and subsequently 
exploited further in Chapter 4 as a structured system action models.  More precisely, the 
system action models highlight the need to distinguish items (number to be sorted, 
assembled or painted), the need to specify criteria (actions to be taken to sort, assemble 
or paint), and the need for distinguishing the process itself (i.e. sort, assemble or paint). 
 
1. Process type (P) – type of processes involve in the system to be reconfigured, 
2. Item count (I) – the number of repeats ‘n’, and 
3. Criteria (C) – the category of the process. 
 
Having this information, the reconfiguration can now be automated. This concept is easy 
and simple to understand. It does not require a complex approach as compared to using 
the existing methodologies reviewed in the literature. It only requires the ability to 
identify and extract the three main identifier. 
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Chapter 6 : Stages of System Design Reconfiguration 
 
6.1 Introduction 
 
In any system design reconfiguration work, it is desirable to initially capture the required 
inputs from the users and finally propose the suitable system. To achieve this goal, the 
system design reconfiguration development process begins in two stages as described in 
the literature review chapter. In combination of the previous preliminary work, the 
general stages for system design reconfiguration can be made. Figure 6.1 shows the 
stages in more elaborated details of the system design reconfiguration process. 
 
 
 
Figure 6.1: Stages of System Design Reconfiguration 
 
The preliminary work in the previous chapter provides a theoretical base for system 
specification function in Figure 6.1. 
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In the development process of the system design reconfiguration, two inputs are required 
namely user requirements and equipment constraints. These inputs will be described in 
the next section. 
 
6.2 System Specification 
 
The outcomes from the preliminary work and further research in previous chapters 
indicate that a given scenario is considered as a user requirement at the early stage of the 
system design configuration process.  This information are recognized as system 
specification.  
 
In practice, a user requirement statement is not descriptive enough and vague.  Examples 
of user requirements are illustrated in the following sentences: 
 
1. Sort 2 materials by weight  
2. Assemble 2 parts by inserting B on top of A  
3. Paint a product using 2 different colors 
 
Since the activity steps structure can be changed substantially, the first identifier to be 
extracted is the type of process. The process in a given scenario can be extracted based 
on the key terms used previously.  They are SORTING, ASSEMBLY and PAINTING. 
However, there are other synonym key term based on the Merriam-Webster dictionary 
(2004). In order to ensure more flexibility to the extraction process, some of the similar 
key terms provided by the dictionary are described in the following subsection. 
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6.2.1 Sorting Process 
 
Some of the words capture from the dictionary for ‘SORTING’ is shown in Table 6.1: 
 
Table 6.1: Similar Keywords for Sorting 
assort breakdown categorize class 
codify compartment compartmentalize digest 
distinguish distribute grade group 
peg place range rank 
relegate separate sort type 
 
 
However, the usage of the synonyms widely used in the engineering worlds are grouped 
as in Figure 6.2. 
 
 
Figure 6.2: Chosen Keywords for Sorting Process 
 
Any related key terms found in the description as shown in the listed terms, will be 
referred under sorting process. 
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6.2.2 Assembly Process 
 
Some of the words capture from the dictionary for ‘ASSEMBLY’ is shown in the 
following Table 6.2: 
 
Table 6.2: Similar Keywords for Assembly 
cluster collect concenter concentrate 
conglomerate congregate convene converge 
forgather gather meet rendezvous 
 
 
However, the usage of the synonyms widely used in the engineering worlds are grouped 
as in Figure 6.3. 
 
 
Figure 6.3: Chosen Keywords for Assembly Process 
 
Any related key terms found in the description as shown in the listed terms will be 
referred under Assembly. 
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6.2.3 Painting Process 
 
Some of the words capture from the dictionary for ‘PAINTING’ is shown in Table 6.3: 
 
Table 6.3: Similar Keywords for Painting 
color delineate depict draw 
image limn paint picture 
portray render set out sketch 
coat decorate   
 
 
However, the usage of the synonyms widely used in the engineering worlds are grouped 
as in Figure 6.4 
 
 
Figure 6.4: Chosen Keywords for Assembly Process 
 
Any related key terms found in the description as shown in the listed terms will be 
referred under painting. 
 
The next component to be extracted in the user requirements is the number of iteration or 
number of products or parts, etc. 
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6.2.4 Other Identifiers 
 
Last but not least is the presented criteria for each process. 
 
The following statement shows the extraction process for each of the user requirements: 
 
1. {Sort | 2  materials | by weight}  { [P] | [I] | [C] } 
2. {Assemble | 2 parts | by inserting B on top of A}  { [P] | [I] | [C] } 
3. {Paint  | a product | using 2 different colors}  { [P] | [I] | [C] } 
 
Once the requirements have been identified, the new configuration development process 
can proceed to the next 2 stages. The first stage is the design stage which include of 
system specifications, system model and space utilization. The second stage is the 
system construction. As the extraction work may be started without any other issue, the 
reconfiguration work still requires more information in order to provide with detail of 
system specification in the next process. In this case it is the other constraints which may 
be imposed to the system need to be considered. 
 
6.3 System Model 
 
The design of an automation work system involves important choices concerning the 
type of system process as well as the criteria of the process. These are based on the 
requirements from the user. The model begins with the availability of the user 
requirement which must be clearly defined as described in the previous section.  
 
The generalized transformation of system model of this research part is shown in Figure 
6.5. 
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Figure 6.5: Generalized System Model Transformation 
 
In the figure, the beginning part shows the user requirements which can be categorized 
into three main parts. The figure clearly shows the following user requirements: 
 
1. P – indicates Process type 
2. I – indicates the number of Item count  
3. C – indicate the Criteria from the user or for the process  
 
Selection/combination of the system action is based on the process type acquired from 
the user/system requirements. On top of that, the selection of the component is also 
based on the condition (c) extracted from the user requirement.  
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6.3.1 System Action 
 
A configuration model should be transformed into real actions taken to manufacture.  
The corresponding outcome of this transformation is defined as system action (SA).  In 
this case, the model can be initially shown in the following sequence:  
 
SA1  SA2  SA3  SA4  . . .  SAn   
 
The system action may consist of the following action SET, RESET, RECOGNIZE, 
MOVE, EJECT, and HOLD. Selection and/or combination of the system action is based 
on the process type acquired from the user requirements commencing from 1 until nth 
number. This nth number indicates the total number of system action required to 
complete the process. It will depend on the number of item count (I) from the user 
requirement.  
 
6.3.2 System Component 
 
Given a single combination of system action, each system action will need to be 
physically implemented to a specific system component (SC) from the system 
component repository. In this case, the total number of system component is similar to 
the total number of system action. 
 
SA1  SA2  SA3  SA4  . . .  SAn   
 
SC1  SC2  SC3  SC4  . . .  SCn   
  
Hence, a list of components is required to match the desired system component with 
corresponding system action. Since the expected outcome of the manufacturing system 
may differ from one to another, extensive lists are required. A set of components will be 
created which will store the database and will be known as system component 
repository. An example of Repository system is shown in Table 6.4. This repository 
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contains numbers of components needed for setting up various types of system. The 
repository will provide heaps of data regarding various components required in the 
processing level of the proposed configuration work. The following table shows an 
example of the developed repository system for system component with corresponding 
system action. 
 
Table 6.4: An Example of Repository System 
 
 
Figure 6.6 shows an example of the selection of system components with corresponding 
system actions. 
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Figure 6.6: Selection of System Components with Corresponding System Actions for Sorting 
Process 
 
The relationships show examples combination of system actions together with system 
components for the the process: 
 
For sorting process, Table 6.5 is an example of the condition, c: 
 
Table 6.5: Example of Sorting Criteria 
CRITERIA IDENTIFICATION 
Weight 1 
Colour 2 
Height 3 
Shape 4 
 
In our case, the condition chosen is weight and the following assigned identification of 
system component in corresponds to the system action is shown in Table 6.6 as follows: 
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Table 6.6: Identification Assignment for Weight Sorting 
CRITERIA IDENTIFICATION SYSTEM 
ACTION 
IDENTIFICATION SYSTEM 
COMPONENT 
Weight 1 SET/RESET 0.1 PLC 
RECOGNIZE1 1.1 LOAD CELL 
SENSOR 
RECOGNIZE2 1.2 THROUGH 
BEAM 
MOVE 2.1 CONVEYOR 
HOLD 3.1 CYLINDER1 
EJECT 3.2 CYLINDER2 
 
For Assembly process, Table 6.7 shows few example of assembly condition, C: 
 
Table 6.7: Example of Assembly Criteria 
CRITERIA IDENTIFICATION 
Insert from the top 1 
Insert from side 2 
Insert from bottom 3 
 
In our case, the condition is inserting part B onto part A, and the following assigned 
identification of system component in corresponds to the system action is shown in 
Table 6.8 as follows: 
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Table 6.8: Identification Assignment for Assembly by Inserting Subassembly from Top 
CRITERIA IDENTIFICATION SYSTEM 
ACTION 
IDENTIFICATION SYSTEM 
COMPONENT 
Insert from 
the top 
1 SET/RESET 0.1 PLC 
RECOGNIZE1 1.1 PROXIMITY 
SENSOR 
RECOGNIZE2 1.2 LIMIT 
SWITCH 
RECOGNIZE3 1.3 THROUGH 
BEAM 
MOVE 2.1 CONVEYOR 
HOLD 3.1 CYLINDER 
INSERT 4.1 FEEDER 
 
For painting process, Table 6.9 shows few example of painting condition, c: 
 
Table 6.9: Example of Painting Criteria 
CRITERIA IDENTIFICATION 
Different colors 1 
Similar colors 2 
 
In our case, the condition is different colors and the following assigned identification of 
system component in corresponds to the system action is shown in Table 6.10 as 
follows: 
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Table 6.10: Identification Assignment for Painting 
CRITERIA IDENTIFICATION SYSTEM 
ACTION 
IDENTIFICATION SYSTEM 
COMPONENT 
Different 
colors 
1 SET/RESET 0.1 PLC 
RECOGNIZE1 1.1 PROXIMITY 
SENSOR 
RECOGNIZE3 1.2 THROUGH 
BEAM 
MOVE 2.1 CONVEYOR 
HOLD 3.1 CYLINDER1 
EJECT 4.1 CYLINDER2 
PAINT 5.1 PAINTER 
 
Selection and/or combination of the system models are based on the number of iteration 
acquired from the user requirements commencing from 1 until nth number. This nth 
number will, therefore, depend on the iteration of the process in the system. 
 
6.3.3 System Model Specifications 
 
Selection of the system component is based on individual system action acquired in the 
prior stage. The following shows some combination of system component: 
 
              =  
  SA1   SA2     SA3      SA4          .  .  .         SAn 
SM 
  SC1  SC2     SC3      SC4          .  .  .         SCn  
 
An easy relationship between System Model (SM), System Action (SA) and System 
Component (SC) can be concluded. In every single system model, there can be more 
than one similar system action (a repetition of system action). 
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While in every repetition of system action in each final system model, the corresponding 
system component can be of a similar or different component. 
 
              = 
  SA1   SA2     SA3      SA4          .  .  .         SAn 
SM 
  SC1   SC2     SC3      SC4          .  .  .         SCn  
          = or ≠ 
 
In a nutshell, the model that consist of a combination of system action (SA) with 
corresponding system components (SC) can be rewritten in a function form of Equation 
(6.1):  
 
SM = {SA, SC}         (6.1) 
 
Considerations on other factors are crucial in order to provide a good system to be 
reconfigured. 
 
From the preliminary work, all presented outcomes consider the following general 
constraints which can be categorized into the following: 
 
1. Current available equipment 
2. New equipment 
 
6.4 Space Utilization 
 
The next constraint to be considered is the space area availability: 
 
1. Current available space area 
2. New space area required 
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These constraints are useful in order to provide more information to the design engineer. 
Once the system action and system components are available, the work system layout 
needs to be developed. In term of facilitating the layout of the system, various methods 
can be considered for automating the process. These includes the genetic algorithm by 
Tam (1992), Rajasekharan (1998) and other method suggested by Ligget (2000). 
However, these methods are restricted by the standard family of products.  To layout the 
components, the process is done manually by taking into consideration all information 
from the system model. The process will closely follow the information from the 
approximation of space required for necessary component. The initiation of the hardware 
implementation has been taken place using the modular automation system. This 
implementation resulted from the proposed system model and space utilization study 
conducted for simple sorting process that can be seen in Figure 6.7.  
 
 
 
Figure 6.7: Implementation of Component Based on the System Actions and System 
Components. 
 
The process involves laying out the components manually base on the system action and 
system component flow. Starting with the initial layout through several iteration and 
adjustments at the final implementation stage.   Figure 6.8 shows the layout orientation 
by the manual process.  
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Figure 6.8: Example of Layout for Sorting Process 
 
Steps towards the implementation stages are to finalize the system actions and system 
components selection from the database. Once the components are selected, the 
approximate size of the system can be obtained for initial prediction of the space 
required for lying down the system.  
 
On top of the listed components, accessories to run the system may be required but not 
included in this discussion. From the individual space information, the minimum 
required space for a complete system can be theoretically calculated using Equation 
(6.2): 
 



m
i
iASUCalculated
1
        (6.2) 
 
Based on the preliminary work, it was found that, the overall space area required to 
actually configure the system accordingly varies between three quarter of the calculated 
space area up until nearly four time bigger than that the calculated area. The average 
space realization factor from the six cases was found to be 2.4.  For the purpose of 
approximate the total space required for a complete system to be configured, the SU will 
be multiplied with 2.4. The earlier relationship is modified as in Equation (6.3): 
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


m
i
iASUActual
1
4.2         (6.3) 
 
This actual SU can be used as a guide to provide suitable space requirement for 
implementation of layout.  The theoretical space multiplier, i.e. 2.4 has been computed 
from Table 3.10 during the experimental phase.  This multiplier can be adjusted when 
more accurate manufacturing system design data is obtained in the future. 
 
6.4.1 Layout for Sorting 
 
The knowledge of system components will give inputs on the required space area for 
each component. The space area addition for each component will make up the 
approximate space area required for the system. 
 
Table 6.11 shows the relationship to select the suitable components for each the actions 
for sorting.  
 
Table 6.11: Components Selection for the Configured Sorting Process 
ACTIONS COMPONENTS QUANTITY SPACE 
REQUIRED 
SET/RESET PLC 1 A3 
RECOGNIZE1 LOAD CELL 1 A1 
RECOGNIZE2 THROUGH BEAM 2 A2 
MOVE CONVEYOR 1 A4 
HOLD CYLINDER1 1 A5 
INSERT CYLINDER2 1 A6 
 
The approximation of system space utilization layout for the configured sorting system 
in this work is shown in Figure 6.9. 
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Figure 6.9 : Space Approximation for the Configured Sorting System 
 
6.4.2 Layout for Assembly 
 
The next Table 6.12 shows the component selection for the assembly process. 
 
Table 6.12: Components Selection for the Configured Assembly Process 
ACTIONS COMPONENTS QUANTITY SPACE 
REQUIRED 
SET/RESET PLC 1 A3 
RECOGNIZE1 PROXIMITY 
SENSOR 
1 A1 
RECOGNIZE2 LIMIT SWITCH 1 A2 
RECOGNIZE3 THROUGH BEAM 1 A4 
MOVE CONVEYOR 1 A5 
HOLD CYLINDER 1 A6 
INSERT FEEDER 1 A7 
 
Similar to sorting process, other accessories to run the system may be required but not 
included in this discussion. The approximation of system space utilization layout for the 
configured assembly system in this work is shown in Figure 6.10. 
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Figure 6.10: Space Approximation for the Configured Assembly System 
 
As discussed in the previous section, for the purpose of approximate the final total space 
required for the complete system to be configured, the SU will be multiplied with 2.4.  
 
6.4.3 Layout for Painting 
 
Table 6.13: Components Selection for the Configured Painting Process 
ACTIONS COMPONENTS QUANTITY SPACE 
REQUIRED 
SET/RESET PLC 1 A3 
RECOGNIZE1 PROXIMITY SENSOR 1 A1 
RECOGNIZE3 THROUGH BEAM 1 A2 
MOVE CONVEYOR 1 A4 
HOLD CYLINDER1 1 A5 
EJECT CYLINDER2 1 A6 
PAINT PAINTER 2 A7 
 
The approximation of system space utilization layout for the configured painting system 
in this work is shown in Figure 6.11. 
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Figure 6.11: Space Approximation for the Configured painting System 
 
Similar to the previous section, for the purpose of approximate the final total space 
required for a complete system to be configured, the SU will be multiplied with 2.4.  
 
The layout is not a final layout but is more on the sizing of the proposed new configured 
system. At this stage, it does not indicate specific orientation of the system. However, 
the information is useful during layout orientation stage. The information gathered from 
this section will give valuable information in term of system space utilization. 
 
6.5 Summary of Chapter 
 
In this Chapter, the initial model to extract and manipulate the user requirements has 
been developed. The outcome of this work is divided into two which is the propose 
system model and the system space utilization. Both outcomes will later provide with a 
general idea for laying out the system. This work proved that the common instructions, 
in this case the user requirements, can be generalized in configuring automation work 
system structure. The proposed model provides the system with their initial objective as 
specified in the earlier requirements. At the moment, this research work will benefit the 
industry through reducing human involvement while trying to optimize the current 
system and at the same time minimizing the risk of future investment in simple sorting 
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and assembly. Extensive work is underway to improvise the model to be used for both 
configuring and reconfiguring various complex type of system. 
 
At this stage, the generic process sequence can be used to show the relation between 
system action (SA), system component (SC) and system space utilization (SU).  
 
In general, the proposed framework for all the three process can be known as 
implemented model (IM) consisting of system model (SM) and system space utilization 
(SU). The generic structure of this framework can be simply shown in a form of function 
as in Equation (6.4): 
 
IM = {SM, SU}         (6.4) 
 
The implemented model indicates the generalized information of the required 
components in order to use the proposed concept. The components are expressed in three 
generic forms: Process (P), Items (I) and Criteria (C).  As far as the limitation in time 
and effort of this research, these generic components are abstracts of all manufacturing 
system components in the highest representation format.  There may be other 
components that might not have been identified in this research but they are not as 
significant as these three components.  Utilizing this implemented model, configuring a 
manufacturing system for sorting, assembly and painting process can be proceeded 
together with the implementation of the system easily. 
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Chapter 7 : Development of Automating Configuration System 
 
7.1 Introduction 
 
Having developed the theory of configuration identifier structure and system 
implementation process, it is now possible to create an automated configuration system 
that assists industry to configure production systems for upcoming production needs. In 
this chapter, the development of a Graphical User Interface (GUI) for capturing all 
essential information to derive a new reconfiguration of manufacturing automation 
system is described. Figure 7.1 shows an overview of the developed automating 
configuration known as automated configuration platform (ACOM). 
 
 
 
Figure 7.1: Overview of ACOM Working Principle 
 
ACOM consists of four major block functions. 
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The “User Requirement” function will extract the user requirement in the form of written 
description. This written description will be keyed-in by the user. All identifiers will be 
extracted accordingly base on the rules function. 
 
The “Equipment Library” function will retract the list of component based on the system 
action and system component in the earlier stages. 
 
The “Proposed System Model” function will provide final information in the form of 
data and drawing of the layout. 
 
The “Rules” function will work as the main decision function based on the receiving 
extraction from the user requirement function and collaborate with equipment library 
function and proposed system model. 
 
7.2 Software Design 
 
The ACOM was created using CATIA and Visual Basic. CATIA is a sophisticated 
multi-function computer aided design software that can be used to create the equipment 
library in 3-dimensional model.  Additional functionality in CATIA can be programmed 
using Visual Basic.  Hence, the rules are created with Visual Basic macros and activated 
through a CATIA interface module. Figure 7.2 shows the native screenshot of CATIA 
for entry to the ACOM. 
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Figure 7.2: Native CATIA Screen Shot for Entry to ACOM 
 
In order to start the ACOM, a specific icon has been created and list on the main panel of 
CATIA as shown by the arrow in Figure 7.2. Once the icon is clicked, the main start 
window for ACOM will be popped up. 
 
The form of interface for obtaining all necessary information such as user requirements, 
user specifications and other constraints is shown in the following sub chapters. 
 
7.2.1 Start Interface 
 
At the beginning of the developed configuration platform, a start interface will be 
displayed prior to the automating of reconfiguration work. Figure 7.3 shows the 
developed start interface. 
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Figure 7.3: Start Interface for ACOM 
 
The Start interface is an entry to the system.  It directs the user to the main modules and 
start automating the configuration work. There is not much happening in this part as the 
start interface will only direct the user to the main rules to start automating the 
configuration work. 
 
7.2.2 Input User Requirement 
 
The first step is to capture the user requirements either in the form of verbal or written 
requirements. The user requirements will describe the environment, the way it should be 
after the system or machine is integrated. It consists of functional and non-functional 
requirements. Functional requirements state how the system should act. On the other 
hand, non-functional requirements concern quality characteristics such as efficiency or 
user-friendliness. The first step is to identify and capture the user specifications. 
Specifications are the descriptions that are sufficient for building a system or machine.  
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Figure 7.4: Extraction Interface with Example of Requirement 
 
The work scenario descriptions which are generally present user requirements and user 
specifications for the intended manufacturing automation system will be used to enter all 
information required. These requirements and specifications are the key information for 
the design of the proposed system and need to be extracted. In order to simplify the 
extraction efforts, this research introduces method of capturing these requirements and 
specifications. 
 
7.2.3 Extraction of User Requirements 
 
The next step is to generate a methodology for putting the entire user requirement and 
the possible design of the manufacturing system into one context which later provide the 
best design outcome for the design of manufacturing system as shown in Figure 7.5.  
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This module looks at the keywords in the statement of user requirement and resolves the 
keywords with the meaning as defined in section 6.2. 
 
In addition, the extraction of two other identifiers will be taken by the same modules. 
 
 
Figure 7.5: The Confirmation Interface 
 
The next step is to generate a methodology for putting the entire user requirement and 
the possible design of the manufacturing system into one context that later provide the 
best design outcome for the design of manufacturing system. Three individual macros 
were developed for extracting the three main identifiers, P, I and C. 
 
The developed program is the rule function which provides basic info to the user. 
Unrecognized or wrong user requirement input will result in a wrong interpretation of 
the proposed model.  
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7.2.4 Library of Equipment  
7.2.4.1 System Action 
 
This module also extracts the three main identifiers with the available rules for searching 
the best action for the requirements. In this system action module, a recognition of type 
of process is required. The key terms for the sorting and assembly processes are shown 
in Figure 7.6. 
 
 
 
(a) Sorting process (b) Assembly process 
Figure 7.6: The Key Words for Process Recognition “P” 
 
7.2.4.2 System Components 
 
Upon receiving the system action list from the previous function, this function relates the 
developed system action with the available system components. The system components 
are defined from the library of components. The library of components needs to be 
developed and improved from time to time. 
 
In this section, the structure and development of the theory are defined and explained 
one by one, it is divided into several parts. Explanation related to the components that 
are the focus on this project. The component is used in workstations to produce the 
desired product. Components such as sensors, robots, cylinders, conveyors, etc., have 
been drawn and simulated in CATIA software to show more clearly about the project.  
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7.2.4.2.1 Conveyor 
 
Conveyor used to deliver goods or products to a destination or workstation. 
 
      Length  
Width 
Figure 7.6: Conveyor 
 
Table 7.1: Conveyor Symbol 
CV 1 a 
Type of Component Type of Length Type of Width 
 
Table 7.2: Type of Conveyor 
Type of Conveyor Length Width 
CV1a 300mm 50mm 
CV2a 500mm 50mm 
CV3a 700mm 50mm 
CV4a 900mm 50mm 
CV1b 300mm 100mm 
CV2b 500mm 100mm 
CV3b 700mm 100mm 
CV4b 900mm 100mm 
CV1c 300mm 150mm 
CV2c 500mm 150mm 
CV3c 700mm 150mm 
CV4c 900mm 150mm 
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7.2.4.2.2 Cylinder 
 
A cylinder is a type of actuator for moving or controlling a mechanism or system. It is 
operated by a source of energy, usually in the form of an electric current, hydraulic fluid 
pressure or pneumatic pressure, and converts that energy into some kind of motion. 
 
Length 
 
 
 
 
Diameter 
Figure 7.7: Cylinder 
 
Table 7.3: Cylinder Symbol 
CL 1 a 
Type of Component Type of Length Type of Diameter 
 
Table 7.4: Type of Cylinder 
Type of Actuator Length Diameter 
CL1a 100mm 10mm 
CL2a 150mm 10mm 
CL3a 200mm 10mm 
CL1b 100mm 15mm 
CL2b 150mm 15mm 
CL3b 200mm 15mm 
CL1c 100mm 20mm 
CL2c 150mm 20mm 
CL3c 200mm 20mm 
 
      116 
7.2.4.2.3 Sensor 
 
Sensor is a device uses to detect or measure the physical properties and record, indicate, 
or otherwise respond to it.  
 
     Length 
Diameter 
Figure 7.8: Sensor 
 
Table 7.5: Sensor Symbol 
SN 1 a 
Type of Component Type of Length Type of Diameter 
 
Table 7.6 : Type of Sensor 
Type of Sensor Length Diameter 
SN1a 30mm 10mm 
SN2a 50mm 10mm 
SN3a 70mm 10mm 
SN1b 30mm 15mm 
SN2b 50mm 15mm 
SN3b 70mm 15mm 
SN1c 30mm 20mm 
SN2c 50mm 20mm 
SN3c 70mm 20mm 
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7.2.4.2.4 Workstation / PLC 
 
Workstation is an area where work of a particular nature is carried out, such as a specific 
location on a manufacturing assembly line. 
 
      Length 
 
 
              Height 
 
 
Figure 7.9: Workstation 
 
Table 7.7: Workstation Symbol 
AS 1 a 
Type of Component Type of Length Type of Height 
 
Table 7.8: Type of Workstation 
Type of Workstations Length Height  
AS1a 40mm 30mm 
AS2a 50mm 30mm 
AS3a 60mm 30mm 
AS1b 40mm 40mm 
AS2b 50mm 40mm 
AS3b 60mm 40mm 
AS1c 40mm 50mm 
AS2c 50mm 50mm 
AS3c 60mm 50mm 
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7.2.4.2.5 Robot Arm 
 
The robot arm is usually a mechanical arm which can be programmed similar to the 
ability of the human arm: the arm may be the sum total of the mechanism or may be part 
of a more complex robot. 
 
 
 
            Height 
 
 
 
       Width 
Figure 7.10: Robot Arm 
 
Table 7.9: Robot Arm Symbol 
RB 1 a 
Type of Component Type of Width Type of Height 
 
Table 7.10: Type of Robot Arm 
Type of Robot Arm Width Height  
RB1a 30mm 60mm 
RB2a 40mm 60mm 
RB3a 50mm 60mm 
RB1b 30mm 70mm 
RB2b 40mm 70mm 
RB3b 50mm 70mm 
RB1c 30mm 80mm 
RB2c 40mm 80mm 
RB3c 50mm 80mm 
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7.2.5 System Model 
 
In this module, the estimated area required and the proposed layout will be forwarded to 
the user. This is the final stage of the ACOM. And user will be able to view the propose 
layout in the CATIA environment. 
 
7.2.5.1 Sorting 2 Different Weights 
 
Based on the equation of the space utilization, the following interface will provide an 
estimation of the area required for sorting 2 different weight shown in Figure 7.11: 
 
 
Figure 7.11: Estimated Area for Sorting of Two Different Weights 
 
Figure 7.12 shows an example of layout proposed in the CATIA environment. 
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Figure 7.12: The Configuration for Sorting Two Different Weights 
 
7.2.5.2 Sorting 3 Different Weights 
 
Based on the equation of the space utilization, the following interface will provide an 
estimation of the area required for sorting 3 different weights shown in Figure 7.13: 
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Figure 7.13: Estimated Area for Sorting of Three different Weights 
 
Figure 7.14 shows an example of layout proposed in the CATIA environment. 
 
 
Figure 7.14: The proposed Configuration for Sorting Three Different Weights 
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7.2.6 Ending Module 
 
The following Figure 7.15 shows the final interface develop to help the user to decide 
for further process. 
 
 
Figure 7.15: The Final Interface 
 
Once the requirements, specifications and constraints are extracted, these crucial 
components are further manipulated to provide the optimum steps for the complete 
process of the system. Further configuration and reconfiguration process will be 
conducted base on these steps. The next interface will let the system/design engineer to 
decide on the manufacturing process route suitable for their application.  
 
At this stage, the configuration and reconfiguration have been simplified and can be used 
to develop the proposed flexible reconfigurable framework. The framework also requires 
a set of list of components that can be obtained from the current system or initially 
stored in the framework data library. This data library which is developed from the 
previous configuration study is known as library of component.  
 
7.3 Optimizations of the Platform 
 
In order to validate the software, the sorting platform has been implemented in the 
laboratory. Base on the proposed layout for sorting of two different of weights as shown 
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in Figure 7.12 earlier, the setup as shown in Figure 7.16 was successfully implemented 
with minor adjustment. The process involves determining the best possible components 
for the system to be configured and reconfigured for various conditions based on work 
scenario descriptions. 
 
 
Figure 7.16: Hardware Implementation for Automation Work System 
 
The implemented system operates using conveyor as the transfer system. Once the 
product is placed on the weighing station, the conveyor will transfer the product from the 
current spot until it reaches the decision area. At the decision area, the pneumatic 
cylinder will either push the product onto the first slider or let the product through to the 
second slider. This decision making process is done by the Programmable Logic 
Controller (PLC). 
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Some of the other key components include in this section of the interface are the cost, 
number of components and process time. The interface will give the user the freedom to 
choose the final optimization factor.  
 
7.4 Summary of Chapter 
 
The main objective of this chapter is to create an automated configuration system that 
assists industry to configure production systems for upcoming production needs. In this 
chapter, the initial development of Graphical User Interface (GUI) for compensating the 
current development of the reconfiguration framework of manufacturing automation 
system is described. A user friendly interface to the system engineer for ease of system 
reconfiguration has been developed.  
 
At this stage, the basic layout of GUI using VB and CATIA has been developed to 
capture and manipulate the user requirements and specifications.  The underlying 
algorithm driving the output from the user input is to provide an optimum solution for 
the design of flexible and reconfigurable manufacturing automation system is developed. 
Hence, the basic idea of automating the configuration system is to develop an interface 
(a software) for the users to experience how flexible reconfigurable framework can assist 
the system/design engineer to easily reconfigure a new set up based on new user 
requirements through capturing user requirements and specifications. Since the PIC 
modelling approach and the associated equations are novel and unique, there is no such 
software system existing right now.  In this sense, the purpose of using VB and CATIA 
is not to highlight the programming techniques.  Instead, the software development is to 
provide an experimental platform for practising engineers to try the PIC concepts and 
explore new modelling requirements. 
 
The interface has been used to show the extraction of the three identifiers from the 
written description. Post to the extraction, this ACOM will provide a suitable layout to 
user. These processes show the usage and utilization of the developed model shown in 
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the previous chapters. This process has never been introduced in any other work as 
discussed in the literature. Introducing the user friendly interface for a flexible 
reconfigurable framework allows the manufacturer to reconfigure their automation easily 
system faster and with no or low investment is an immense step towards competitive 
manufacturing. This research work is hoped to benefit the industry through reducing 
human involvement while trying to optimize the current system and at the same time 
minimizing the risk of future investment.  
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Chapter 8 : Reconfiguration Implementation 
 
8.1 Introduction 
Design and manufacturing system facility selection is very important in the manufacture 
of a product, as taking into various aspects such as the size of the room, the equipment 
used, the safety of workers, the product will be produced and others.  This chapter aims 
to apply the software developed in previous chapters to illustrate how the system works 
and to validate the theory and practices using this new configuration system.  Examples 
from the experiment as well as from industrial applications have been used for 
exploration of the accuracy and appropriateness of this system.  
 
8.2 Reconfiguration of Furniture Assembly 
 
In this section, the reconfiguration implementation will be described in turn related to 
the industry involved in the project. The reconfiguration system implementation has 
been applied to a labour intensive industry where automation with the assistance of 
labour is most appropriate. The furniture industry has been selected as a trial industry for 
this project since the industry requires a lot of manual operations and can be studied 
readily. The examples described in this Chapter are made easier to understand how the 
ACOM system configures the manufacturing system for furniture manufacturing.  For 
illustrative purposes, the selection of furniture was limited to three items only: chairs, 
tables and cupboards. Knowledge supporting design of the manufacturing system facility 
for the furniture industry is captured from meetings with practitioners in the furniture 
industry. Design and manufacturing system facility selection is very important in the 
manufacture of a product, as taking into various aspects such as the size of the room, the 
equipment used, the safety of workers, the product will be produced and others.  
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8.2.1 Chairs 
The type of chair chosen is a laboratory chair or stool which is widely used in the school 
or colleges laboratory for the students. This type is shown in Figure 8.1. 
 
 
Figure 8.1: Laboratory Chair 
 
Prior to the reconfiguration activity, the chair has been dismantled in sub assembly to 
identify the number of subassembly required to produce a complete stool. The following 
Table 8.1 shows bill of material for the chosen laboratory chair. 
 
Table 8.1: Parts for Laboratory Chair 
Item Quantity 
A. Seat 1 
B. Back Rest 1 
C. Holder 1 
D. Leg Rest 1 
E. Leg 1 
F. Rubber Lining 4 
G. Bolt 4 
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There are 7 components for making a complete laboratory chair. Prior to the analysis of 
all information a statement of user requirement is needed. Figure 8.2 shows the capturing 
of user requirement for assembly of laboratory chair.  
 
 
Figure 8.2: Capturing the User Requirement for Laboratory Chair 
 
From the statement of user requirement, three identifiers will be extracted. The process 
type (P) which is assembly process, item count (I) which is 7 and criteria (C) which is 
the chair category. Figure 8.3 shows the extracted user requirement for laboratory chair. 
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Figure 8.3: Extracted User Requirement for Laboratory Chair 
 
The analysis of all information through ACOM are made through selection of System 
Action that will eventually provide the corresponding System component. Figure 8.4 
shows a list of system action based on the extracted P, I and C identifier from the user 
requirement. 
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Figure 8.4 : System Actions for Configuration of Laboratory Chair 
 
Once the quantity of parts or sub assembly has been identified, the method introduced in 
the earlier chapter is utilized to propose the best layout for assembly of laboratory chairs. 
From the list of system action shown, the allocation of system component can be 
conducted. This process will utilize the method shown in the earlier chapters. The 
present of the list of system components will be much dependent on the availability of 
the component list in the library. The library will also provide an estimated area required 
for each component. The accumulation of the estimated area will, therefore, provide with 
the estimated area required for configuration of laboratory chair. The estimated area is 
shown in Figure 8.5. 
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Figure 8.5: Area Estimation for Configuration of Laboratory Chair 
 
Once the list of system action and system component are known, the proposed layout 
can be provided through the availability of component in the CATIA library. Figure 8.6 
shows the proposed configuration for assembly of the chairs. 
 
Figure 8.6: Proposed Configuration for Laboratory Chair 
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Since there are 7 items to be assembled together, seven substations are proposed. This 
layout utilizes two conveyors to reduce assembly time. 
 
8.2.2 Table  
Other than chairs, the second type of furniture chosen for this activity is table. The table 
has similar features like chairs however the parts, and subassembly is much bigger. 
Although it is still within the similar process which is an assembly, the information 
gathered from this reconfiguration activity is useful to test the method introduce at the 
earlier chapter whether it is workable with different sizes of the item. 
 
The type is of the laboratory table that is widely used in the school or colleges laboratory 
for the students. This type is shown in Figure 8.7. 
 
 
Figure 8.7: Laboratory Table 
 
The table has been dismantled in sub assembly to identify the number of subassemblies 
required to produce a complete laboratory table. Table 8.2 shows the bill of material for 
the chosen laboratory table. 
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Table 8.2: Parts for Laboratory Table  
Item Quantity 
A. Table 1 
B. Leg 1 
C. Leg Rest 3 
D. Bolt 8 
E. Rubber Lining 4 
F. Drawer 2 
G. Holder 3 
H. Bolt 12 
 
There are 8 components for making a complete laboratory table. Prior to the analysis of 
all information, a statement of user requirement is needed. Figure 8.8 shows the 
capturing of user requirement for assembly of the laboratory table. 
 
 
Figure 8.8: Capturing the User Requirement for Laboratory Table 
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From the statement of user requirement, three identifiers will be extracted. The process 
type (P) which is an assembly process, item count (I) which is 8 and criteria (C) which is 
the table category. Figure 8.9 shows the extracted user requirement for laboratory table. 
 
 
Figure 8.9: Extracted User Requirement for Laboratory Table 
 
The analysis of all information through ACOM are made through selection of System 
Action that will eventually provide the corresponding System component. The following 
Figure 8.10 shows a list of system action based on the extracted P, I and C identifier 
from the user requirement. 
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Figure 8.10: System Actions for Configuration of Laboratory Table 
 
Similar to the previous configuration of laboratory chair, the method introduced in the 
earlier chapter is again utilized to propose the best layout for assembly of the laboratory 
table. The accumulation of the estimated area will, therefore, provide with the estimated 
area required for configuration of the laboratory table. The estimated area is shown in 
Figure 8.11. 
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Figure 8.11: Area Estimation for Configuration of Laboratory Table 
 
Once the list of system action and system component are known, the proposed layout 
can be provided through the availability of component in the CATIA library. Figure 8.12 
shows the proposed configuration for assembly of the table. 
 
 
Figure 8.12: Configuration Layout for Laboratory Table 
      137 
This layout uses two conveyors, the workstation used is suitable with the number of 
components for assembly of the product. Time to complete assembly of a product is 
shortened.  
 
8.2.3 Cupboard 
Other than chairs and tables, the third type of furniture chosen for this activity is a 
cupboard. The cupboard has different features from chairs and tables explained in the 
previous sub section. The parts and subassemblies are also bigger. Although it is still 
within the similar process which is an assembly, the information gathered from this 
reconfiguration activity is useful to test the method introduce at the earlier chapter 
whether it is workable with different sizes of the item. 
 
The type of cupboard is a display glass cabinet shown in Figure 8.13. The display 
cabinet is usually used in the private house to display valuable items. 
 
 
Figure 8.13: Display Glass Cabinet 
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The cabinet has been dismantled in sub assembly to identify the number of 
subassemblies required to produce a complete display glass cabinet. Table 8.3 shows the 
bill of material for the chosen display glass cabinet. 
 
Table 8.3: Parts for Glass Cabinet 
Item Quantity 
A. Outside Part 5 
B. Rack 4 
C. Glass 2 
D. Holder  8 
 
There are 4 subassemblies for making a complete glass cabinet. Prior to the analysis of 
all information, a statement of user requirement is needed. Figure 8.14 shows the 
capturing of user requirement for assembly of glass cabinet. 
 
 
Figure 8.14: Capturing the User Requirements for Glass Cabinet 
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From the statement of user requirement, three identifiers will be extracted. The process 
type (P) which is an assembly process, item count (I) which is 4 and criteria (C) which is 
the cabinet category. Figure 8.15 shows the extracted user requirement for glass cabinet. 
 
 
Figure 8.15: Extracted User Requirements for Glass Cabinet 
 
The analysis of all information through ACOM are made through selection of System 
Action that will eventually provide the corresponding System component. Figure 8.16 
shows a list of system action based on the extracted P, I and C identifier from the user 
requirement. 
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Figure 8.16: System Actions for Configuration of Glass Cabinet 
 
The method introduced in the earlier chapter is utilized to propose the best layout for 
assembly of glass cabinet. The accumulation of the estimated area will therefore provide 
with the estimated area required for configuration of glass cabinet. The estimated area is 
shown in the following Figure 8.17. 
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Figure 8.17 : Area Estimation for Configuration of Glass Cabinet 
 
Once the list of system action and system component are known, a proposed layout can 
be provided through the availability of component in the CATIA library. The following 
Figure 8.18 shows the proposed configuration for assembly of the cabinet. 
 
 
 
Figure 8.18 : Configuration Layout for Display Glass Cabinet 
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This layout use one conveyor only, the number of workstation used is fours are suitable 
with the number of components for assembly of the product. Time to complete assembly 
of a product is shortened.  
 
8.3 Summary of Chapter 
This chapter has illustrated how the automatic configuration process can be used to 
configure the manufacturing system for real products. The implementations were 
conducted in the laboratory scale as well as with the mock up system for assembly of 
furniture. 
 
The method shown in the earlier chapter shows the user requirements have been 
extracted, the process in this design stage transform the requirements into system 
specification which are structured and easy to understand. This start with the 
presentation of system specification based on the user requirements namely the assembly 
process and number of parts or subassemblies count. 
 
In order for the development to take place, basic system specifications are required to be 
extracted from the user requirements.  In the process, the extraction of the user 
requirements eventually produce required system specifications. In general the process 
type (P) has been clearly identified as assembly and the number of item count (I) is 
dependable to the number of parts or subassemblies count. On top of that, the condition 
for proposing the layout also dependable to the type of furniture which are chairs, tables 
or cupboard. 
 
For assembly of chairs and table, the ACOM will propose for single conveyor for 
number of parts or subassembly is 7 or less. Once the number of items exceeds 7, 
ACOM will propose another conveyor for the layout and will distribute the number of 
workstation evenly.   
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On the other hand, for cupboard assembly due to the size of the parts and subassembly, 
the ACOM will propose a single conveyor for number of parts or subassembly is 5 or 
less. Once the number of items exceeds 5, ACOM will proposed another conveyor for 
the layout and will distribute the number of workstation evenly. 
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Chapter 9 : Conclusion and Future Research 
 
9.1 Overview of Research Outcomes 
 
The main contribution of this research is to transform manufacturing ability towards the 
realization of reconfigurable flexible manufacturing system and the development of 
associated engineering methods and tools that are necessary to support the 
manufacturing system lifecycle needs. The research has created a novel method of 
planning manufacturing facilities prior to investment. A fundamental concept which 
utilizes the Process type (P), item count (I) and condition (C) has been introduced. The 
underlying concept of this research will provide useful information for engineers during 
line development stage which could result in better and easier manufacturing 
configuration.  On top of that, industry will benefit from having the ability to optimise 
the system before committing real costs and hence minimising the risk of investment. 
Once the executable framework for reconfigurable flexible manufacturing system has 
been designed and modelled, it will be able to provide configuration information to 
either change the current system configuration or recommend a new configuration 
meeting future manufacturing requirements. The framework will enable maximum 
usability of available system for the future manufacturing and speedup production as 
opposed to the conventional method of reconfiguring the manufacturing system as a 
whole. 
 
The novelty of this research is that the concept presented in this research is easy and 
simple to understand. It does not require a complex approach as compared to using the 
existing methodologies reviewed in the literature. It only requires the ability to identify 
and extract the main identifiers.  The contributions of this thesis are reflected by 
successful fulfillment of the objectives set up at the initial stage of the research.  These 
objectives are listed in Section 1.3 of this thesis.  The following sections conclude the 
outcomes of the objectives. 
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9.2 Review of the Current Principles of Manually Configured 
Manufacturing Automation System  
 
The primary goal of this research was to develop a design methodology which addresses 
dynamic and uncertain manufacturing requirements with the presence of flexibility. 
Once the idea of reconfigurable manufacturing concept was sparked, this work begins 
with presenting relevant literatures with a focus on Manufacturing system design, 
Reconfigurations methods and design of manufacturing system. In order to provide with 
the framework of reconfiguration strategies, preliminary design investigation with a 
group of system engineers was conducted to study of the configuration process. It was 
observed that some of the designs proposed compose few similarities to each other. 
However, they can be easily distinguished from each other as well.  
 
From the outcomes of the engineers’ works, the scenario given has provided the 
information about the requirement from the users to the engineers. However, in order to 
achieve the objective of the work, two main factors were found and needed by the 
engineers to be considered. There are the equipment required to setup the system and the 
space required for setting up the system. The requirement may be constrained by the 
availability of the current equipment in the existing setup or additional new equipment as 
well as the availability of the current space in the existing setup or additional new space. 
 
9.3 Creation of a New Manufacturing Automation System 
Configuration Model 
 
Having recognized the key factors that were involved in the system design process, an 
automatic method is required to manage all variations in user requirements and 
specifications. The conceptualization of reconfiguration based on a preliminary study 
was presented. The focusing process is on sorting. The generic framework so far will be 
used to test other manufacturing case. At this stage, the reconfiguration model requires 
two main component from the user which is the item count (I) and condition (C). 
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The basic framework of creating the generic reconfiguration model including assembly 
and painting process was further conducted. From the earlier discussion, it can conclude 
that three main identifier need to be looked into in order to proceed with the 
reconfiguration there are as follows: 
 
1.    Item count (I) – the number of product ‘n’, 
2.    Criteria (C) – the category of the process, and 
3.    Process type (P) – type of processes involve in the system to reconfigure. 
 
Though this information, the reconfiguration can be easily done. These information is 
actually readily available from a given scenario and needs to be correctly extracted. The 
next section will discuss the method of extracting these information from a given 
scenario. 
 
The stages of system design reconfiguration details for development of the model was 
presented. At this stage, the initial model to extract and manipulate the user requirements 
has been developed. The outcome of this work is divided into two which is the propose 
system model and the system space utilization. Both outcomes will later provide with a 
general idea for laying out the system. This work proved that the common instructions, 
in this case the user requirements, can be generalized in configuring automation work 
system structure. The proposed model provides the system with their initial objective as 
specified in the earlier requirements. At the moment, this research work will benefit the 
industry through reducing human involvement while trying to optimize the current 
system and at the same time minimizing the risk of future investment in simple sorting 
and assembly. Extensive work is underway to improvise the model to be used for both 
configuring and reconfiguring various complex type of system. 
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9.4 Implementation of a Proof of Concept Configuration System 
Based on the New Manufacturing Automation System 
Configuration Model 
 
The development work for automating reconfiguration and configuration system was 
conducted using Visual Basic and CATIA. At a result, the basic layout of GUI is 
characterized by the graphical outlook of VB and CATIA.  The GUI can be used to 
capture and manipulate the user requirements and specifications and later provides an 
optimum solution for the design of flexible and reconfigurable manufacturing 
automation system is developed. The basic idea is to develop an interface for flexible 
reconfigurable framework in order to assist the system/design engineer to easily 
reconfigure a new set up based on new user requirements through capturing user 
requirements and specifications. Introducing the user friendly interface for flexible 
reconfigurable framework allows the manufacturer to easily reconfigure their automation 
system faster and with no or low investment is an immense step towards competitive 
manufacturing. This research work is hoped to benefit the industry through reducing 
human involvement while trying to optimize the current system and at the same time 
minimizing the risk of future investment.  
 
9.5 Investigation of the Applicability of the Manufacturing 
Automation Configuration System in Real Product Manufacturing 
 
The implementation of the configuration model was conducted using the developed 
ACOM, which was based upon the CATIA software platform.  To validate this 
implementation, ACOM was used to analyse a range of furniture products. This work 
has provided with the proven implemented system. The implementations were conducted 
in the laboratory scale as well as with the mock up system for assembly of furniture. 
 
The research has innovated a new strategy to reconfigure a manufacturing system 
through extracting user requirement automatically. This has indirectly decreased the 
reconfiguration time and save cost. 
      148 
9.6 Future Research Opportunities 
 
This thesis focuses on the extraction of user requirement of basic type of process (P), 
number of iteration occur (I) and the specific condition of the process (C). Research in 
design of manufacturing systems configuration framework has been conducted 
extensively, however, only a few publications have addressed dynamic and uncertain 
manufacturing requirements. Another aspect which is rarely addressed when designing 
this framework is flexibility inherent in the system, even though it is available through 
the use of flexible machines. 
 
The outcome of this research has opened more opportunities to discover details strategy 
to reconfigure complex system in the future. The outcomes obtained in this study have 
been investigated in order to provide fundamental work on automating configuration of 
manufacturing system in an appropriate scale. However, the developed model is not 
suitable for realistic design problems due to the computational time required for larger 
problems. 
 
The present study provides a starting point for affordable, easy to use and automatic 
configuration of a manufacturing system while taking into account the continuous 
change of component library. The following recommendations could be pursued in the 
future research work: 
 
1. The present study only focuses on THREE (3) elements. The extraction of user 
requirements is limited to the type of process, number of iteration and the 
condition stated in the user requirements. Further details of the establishing 
more elements are required.  
 
2. This study focuses on the sorting, assembly and painting process in 
manufacturing automation system. Another type of process is required in the 
future especially more complex process. 
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3. At this stage, the automated configuration platform extracts the user requirement 
in the form of written requirement. The model hopes to be extended to extracts 
the verbal requirement using more experts system. 
 
4. The library of component is still limited to certain extend and the creation of the 
layout configuration is limited to this library. Additional library of component is 
required to be regularly updated and improved. 
 
The above suggestions to improve the framework, however, will require substantial 
efforts. Suggestions from industry experts could be valuable to aid how the framework 
should be improved and utilized. For example, some insights may be gained such as 
what type of process should be include and what other design factors and their levels 
should be imparted. This research was developed based upon the input from the SAGE-
RMIT University laboratory facility as well as from the industry. 
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